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Devwudfw
Zh frqvwuxfw dqg hvwlpdwh d mrlqw prgho ri pdfurhfrqrplf dqg |lhog fxuyh
g|qdplfv1 D vpdoo0vfdoh edfnzdug2iruzdug0orrnlqj udwlrqdo h{shfwdwlrqv prgho
ghvfulehv wkh pdfurhfrqrp|1 Erqg |lhogv duh d!qh ixqfwlrqv ri wkh vwdwh ydul0
deohv ri wkh pdfurprgho/ dqg duh ghulyhg dvvxplqj devhqfh ri duelwudjh rssru0
wxqlwlhv dqg xvlqj d  h{leoh sulfh ri ulvn vshflfdwlrq1 Zkloh pdlqwdlqlqj wkh
wudfwdelolw| ri wkh d!qh vhw0xs/ rxu dssurdfk surylghv d zd| wr lqwhusuhw |lhog
g|qdplfv lq whupv ri pdfurhfrqrplf ixqgdphqwdov> wlph0ydu|lqj ulvn suhpld
duh dovr dvvrfldwhg zlwk wkh ixqgdphqwdo vrxufhv ri ulvn lq wkh hfrqrp|1 Wkh
prgho lv deoh wr fdswxuh vdolhqw ihdwxuhv ri wkh Jhupdq whup vwuxfwxuh dqg lwv
iruhfdvwlqj shuirupdqfh pdwfkhv wkdw ri dydlodeoh prghov edvhg rq odwhqw idf0
wruv1 Wkh prgho kdv dovr vrph vxffhvv lq dffrxqwlqj iru wkh hpslulfdo idloxuh ri
wkh h{shfwdwlrqv k|srwkhvlv1
Nh|zrugv= D!qh whup0vwuxfwxuh prghov/ srolf| uxohv/ qhz qhr0fodvvlfdo
v|qwkhvlv
4 Lqwurgxfwlrq
Xqghuvwdqglqj wkh whup vwuxfwxuh ri lqwhuhvw udwhv kdv orqj ehhq d wrslf rq wkh
djhqgd ri erwk qdqfldo dqg pdfur hfrqrplvwv/ doehlw iru glhuhqw uhdvrqv1 Ilqdq0
fldo hfrqrplvwv kdyh dq lqgluhfw lqwhuhvw/ lq wkdw wkh sulpdu| remhfwlyh lv wr eh deoh
wr sulfh lqwhuhvw udwh uhodwhg vhfxulwlhv1 Pdfur hfrqrplvwv rq wkh rwkhu kdqg/ kdyh
irfxvhg rq xqghuvwdqglqj wkh uhodwlrqvkls ehwzhhq lqwhuhvw udwhv dqg prqhwdu| sro0
lf|/ h{fkdqjh udwhv dqg wkh exvlqhvv f|foh1 Frpelqlqj wkhvh olqhv ri uhvhdufk vhhpv
WSdshu suhsduhg iru wkh 5336 Vwdqirug Lqvwlwxwh iru Hfrqrplf Srolf| Uhvhdufk dqg Ihghudo
Uhvhuyh Edqn ri Vdq Iudqflvfr Frqihuhqfh rq Ilqdqfh dqg Pdfurhfrqrplfv1 Dfnqrzohgjhphqwv1
Uhpdlqlqj huuruv duh rxu vroh uhvsrqvlelolw|1 Wkh rslqlrqv h{suhvvhg duh shuvrqdo dqg vkrxog qrw
eh dwwulexwhg wr wkh Hxurshdq Fhqwudo Edqn1
-- Hxurshdq Fhqwudo Edqn/ GJ Uhvhdufk/ Ndlvhuvwudvvh 5</ G 0 93644/ Iudqnixuw dp Pdlq/ Jhupdq|1
H0pdlo= shwhu1krugdkoChfe1lqw/ ruhvwh1wulvwdqlChfe1lqw/ gdylg1yhvwlqChfe1lqw1
4iuxlwixo/ lq wkdw wkhuh duh srwhqwldo jdlqv jrlqj erwk zd|v1 Li pdfurhfrqrplf wkhru|
kdv vrph hpslulfdo vxffhvv/ lw vkrxog khos sulfh vhfxulwlhv pruh h!flhqwo|1 Olnhzlvh/
li vrph whqhwv ri qdqfldo hfrqrplfv/ vxfk dv wkh uhtxluhphqw ri duelwudjh0iuhh pdu0
nhwv/ duh hpslulfdoo| lpsruwdqw/ wdnlqj wkhp lqwr dffrxqw vkrxog khos wr h{sodlq wkh
uhvsrqvh ri wkh |lhog fxuyh wr pdfurhfrqrplf ghyhorsphqwv1 \lhog fxuyh lqirupdwlrq
frxog dovr khos vkdushqlqj iruhfdvwv ri ixwxuh hfrqrplf dfwlylw| dqg lq dwlrq1
Wklv sdshu dlpv dw suhvhqwlqj d xqlhg hpslulfdo iudphzrun zkhuh d vpdoo
vwuxfwxudo prgho ri wkh pdfur hfrqrp| lv frpelqhg zlwk d vhw ri erqg0|lhogv ri
glhuhqw pdwxulwlhv lq dq duelwudjh0iuhh idvklrq1 Lq grlqj vr/ zh exlog rq wkh zrun
ri Sld}}hvl +5334, dqg Dqj dqg Sld}}hvl +5336,/ zkr lqwurgxfh pdfurhfrqrplf ydul0
deohv lqwr wkh vwdqgdug d!qh whup vwuxfwxuh iudphzrun edvhg rq odwhqw idfwruv 
h1j1 Gx!h dqg Ndq +4<<9, dqg Gdl dqg Vlqjohwrq +5333,1 Wkh pdlq lqqrydwlyh ihd0
wxuh ri rxu sdshu lv wkdw zh hpsor| d pdfurhfrqrplf prgho zlwk erwk iruzdug dqg
edfnzdug0orrnlqj frpsrqhqwv/ udwkhu wkdq uho|lqj rq d elyduldwh YDU ri lq dwlrq
dqg rxwsxw1 Wklv doorzv xv wr uhod{ Dqj dqg Sld}}hvl*v uhvwulfwlrq wkdw lq dwlrq
dqg rxwsxw eh lqghshqghqw ri wkh srolf| lqwhuhvw udwh/ dqg ixuwkhupruh idflolwdwhv
dq hfrqrplf lqwhusuhwdwlrq ri wkh uhvxowv1 Rxu iudphzrun lv vlplodu lq vslulw wr wkdw
lq Zx +5335,/ zkr sulfhv erqgv zlwklq d fdoleudwhg udwlrqdo h{shfwdwlrqv pdfur0
prgho1 Wkh glhuhqfh lv wkdw zh hvwlpdwh rxu prgho dqg doorz d pruh hpslulfdoo|
rulhqwhg vshflfdwlrq ri erwk wkh pdfur hfrqrp| dqg wkh sdudphwul}dwlrq ri wkh
pdunhw sulfh ri ulvn1
Zh vwduw iurp d idluo| vwdqgdug pdfurhfrqrplf prgho/ zkrvh fruh lv edvhg
rq wkh vr0fdoohg qhz qhrfodvvlfdo v|qwkhvlv +Jrrgiulhqg dqg Nlqj/ 4<<:> Urwhp0
ehuj dqg Zrrgirug/ 4<<:/ frxsohg zlwk d vlpsoh prqhwdu| srolf| uxoh1 Yduldqwv
ri wklv prgho kdyh ehhq vxffhvvixoo| hpsor|hg wr h{sodlq hpslulfdo pdfurhfrqrplf
g|qdplfv/ lqfoxglqj wkrvh ri wkh vkruw whup lqwhuhvw udwh/ dqg iru srolf| dqdo|vlv
+h1j1/ Fodulgd/ Jdoð dqg Jhuwohu/ 5333/ Uxghexvfk dqg Vyhqvvrq/ 4<<</ Vphwv/ 5333/
Uxghexvfk/ 5335d,1 Qh{w/ zh xvh wkh prgho vroxwlrq wr lghqwli| wkh vwdwh yduldeohv/
ru idfwruv/ wkdw dhfw wkh vkruw0whup lqwhuhvw udwh1 Dv d uhvxow/ doo idfwruv fruuh0
vsrqg wr vkrfnv zlwk d vwdqgdug pdfurhfrqrplf lqwhusuhwdwlrq1 Wkuhh ri wkhp duh
doprvw dozd|v suhvhqw lq vpdoo pdfur prghov= lq dwlrq/ rxwsxw +ru djjuhjdwh gh0
pdqg, dqg prqhwdu| srolf| vkrfnv> wkh irxuwk lv d wlph0ydu|lqj lq dwlrq wdujhw/
lqwurgxfhg wr dffrxqw iru fkdqjhv wkdw pd| kdyh rffxuuhg ryhu uhodwlyho| orqj sh0
ulrgv ri wlph1 Ilqdoo|/ zh eruurz d vwdqgdug dvvxpswlrq derxw wkh pdunhw sulfh ri
ulvn iurp wkh qdqfh olwhudwxuh1 Wkh uhvxow lv dq d!qh pxowlidfwru whup vwuxfwxuh
5prgho/ zklfk zh hvwlpdwh mrlqwo| zlwk wkh pdfurhfrqrplf v|vwhp xvlqj pd{lpxp
olnholkrrg phwkrgv1
Rxu hpslulfdo uhvxowv/ edvhg rq Jhupdq gdwd/ vkrz wkdw pdfurhfrqrplf idfwruv
dhfw wkh whup0vwuxfwxuh ri lqwhuhvw udwhv lq glhuhqw zd|v1 Prqhwdu| srolf| vkrfnv
kdyh d pdunhg lpsdfw rq |lhogv dw vkruw pdwxulwlhv/ dqg d vpdoo hhfw dw orqjhu
pdwxulwlhv1 Lq dwlrq dqg rxwsxw vkrfnv prvwo| dhfw wkh fxuydwxuh ri wkh |lhog
fxuyh dw phglxp0whup pdwxulwlhv1 Fkdqjhv lq wkh lq dwlrq wdujhw kdyh pruh odvwlqj
hhfwv dqg whqg wr kdyh d vwurqjhu lpsdfw rq orqjhu whup |lhogv1 Wkh lpsxovh
uhvsrqvhv ri wkh pdfur yduldeohv wr wkhvh vkrfnv duh vlplodu wr frpsdudeoh uhvxowv
lq wkh olwhudwxuh1
Kdylqj hvwdeolvkhg wkdw wkh prgho surylghv d vhqvleoh ghvfulswlrq ri pdfurhfr0
qrplf dqg whup vwuxfwxuh g|qdplfv/ zh wxuq wr hydoxdwh lwv shuirupdqfh uhodwlyh
wr rwkhu dydlodeoh d!qh whup vwuxfwxuh prghov1 Pruh vshflfdoo|/ zh irfxv rq lwv
lq0vdpsoh dqg rxw0ri0vdpsoh iruhfdvwlqj shuirupdqfh frpsduhg wr prghov +sduwo|,
edvhg rq xqrevhuydeoh idfwruv1 Lq wklv h{huflvh zh xvh wzr pdlq ehqfkpdunv= wkh
Gxhh +5335, prgho/ zklfk kdv ehhq vkrzq wr gr uhodwlyho| zhoo lq iruhfdvwlqj/ dqg
wkh Dqj dqg Sld}}hvl +5336, prgho1 Ixuwkhupruh/ zh whvw li rxu prgho fdq dffrxqw
iru wkh hpslulfdo idloxuh ri wkh h{shfwdwlrqv k|srwkhvlv grfxphqwhg/ iru h{dpsoh/
e| Fdpsehoo dqg Vkloohu +4<<4,1 Zh uhsolfdwh wkh dqdo|vlv e| Gdl dqg Vlqjohwrq
+5335d,/ zkr kdyh vkrzq wkdw d!qh prghov edvhg rq xqrevhuydeoh idfwruv fdq eh
yhu| vxffhvvixo dorqj wklv glphqvlrq1
Rxu uhvxowv vkrz wkdw wkh prgho grhv uhodwlyho| zhoo lq iruhfdvwlqj1 Lwv lq0
vdpsoh shuirupdqfh lv frpsdudeoh wr wkdw ri wkh ehvw dydlodeoh d!qh whup vwuxfwxuh
prghov1 Rxw0ri0vdpsoh/ lw riwhq grhv ehwwhu wkdq frpshwlqj prghov/ exw qrw iru
orqj0whup |lhogv1 Wklv odwwhu olplwdwlrq ri wkh prgho dsshduv wr sod| dq lpsruwdqw
uroh lq wkh whvwv ri wkh h{shfwdwlrqv k|srwkhvlv/ wkdw duh phw e| d olplwhg ghjuhh ri
vxffhvv1
Wkh uhvw ri wkh sdshu lv rujdql}hg dv iroorzv1 Vhfwlrq 5 ghvfulehv wkh lqqrydwlyh
ihdwxuhv ri rxu wkhruhwlfdo whup0vwuxfwxuh prgho dqg surylghv d eulhi ryhuylhz ri
rxu hvwlpdwlrq phwkrg/ zklfk lv vwdqgdug lq wkh qdqfh olwhudwxuh1 Rxu hpslulfdo
uhvxowv/ lqfoxglqj lpsxovh uhvsrqvh ixqfwlrqv ri wkh |lhogv wr pdfurhfrqrplf vkrfnv
dqg iruhfdvw huuru yduldqfh ghfrpsrvlwlrqv/ duh suhvhqwhg qh{w/ lq Vhfwlrq 6/ wkdw
dovr glvfxvvhv wkh iruhfdvwlqj shuirupdqfh ri rxu prgho dqg lwv delolw| wr h{sodlq wkh
idloxuh ri wkh h{shfwdwlrqv k|srwkhvlv1 Vhfwlrq 7 frqfoxghv1
65W k h p r g h o
Lq uhfhqw |hduv/ wkh qdqfh olwhudwxuh rq wkh whup vwuxfwxuh ri lqwhuhvw udwhv kdv pdgh
wuhphqgrxv surjuhvv lq d qxpehu ri gluhfwlrqv +vhh h1j1 Gdl dqg Vlqjohwrq/ 5335e,1
Iroorzlqj wkh vhplqdo sdshu e| Gx!h dqg Ndq +4<<9,/ rqh ri wkh prvw vxffhvvixo
dyhqxhv ri uhvhdufk kdv irfxvhg rq prghov zkhuh wkh |lhogv duh d!qh ixqfwlrqv ri d
yhfwru ri vwdwh yduldeohv1 Uhqhphqwv ri vxfk prghov kdyh pdgh wkhp lqfuhdvlqjo|
vxffhvvixo lq fdswxulqj lpsruwdqw ihdwxuhv ri wkh g|qdplfv ri wkh whup vwuxfwxuh
ri lqwhuhvw udwhv1 Wklv olwhudwxuh/ krzhyhu/ kdv w|slfdoo| qrw lqyhvwljdwhg wkh frq0
qhfwlrqv ehwzhhq whup vwuxfwxuh dqg pdfurhfrqrplf g|qdplfv1 Lq wkh uduh fdvhv lq
zklfk pdfurhfrqrplf yduldeohvqrwdeo|/ wkh lq dwlrq udwhkdyh ehhq lqfoxghg lq hv0
wlpdwhg whup0vwuxfwxuh prgho/ wkrvh yduldeohv kdyh ehhq prghoohg h{rjhqrxvo| +h1j1
Hydqv/ 5336/ ]ddurql/ 5334,1 Wkh lqwhudfwlrqv ehwzhhq pdfurhfrqrplf dqg whup
vwuxfwxuh g|qdplfv kdyh dovr ehhq ohiw xqh{soruhg lq wkh pdfurhfrqrplf olwhudwxuh/
lq vslwh ri wkh idfw wkdw vlpsoh srolf| uxohv kdyh riwhq vfruhg zhoo lq ghvfulelqj
wkh g|qdplfv ri wkh vkruw0whup lqwhuhvw udwh +h1j1/ Fodulgd/ Jdoð dqg Jhuwohu/ 5333,1
Dq dwwhpsw wr eulgjh wklv jds zlwklq dq hvwlpdwhg/ duelwudjh0iuhh iudphzrun
kdv uhfhqwo| ehhq pdgh e| Dqj dqg Sld}}hvl +5336,1 Wkrvh dxwkruv hvwlpdwh d whup
vwuxfwxuh prgho edvhg rq wkh dvvxpswlrq wkdw wkh vkruw whup udwh lv dhfwhg sduwo|
e| pdfurhfrqrplf yduldeohv/ dv lq wkh olwhudwxuh rq vlpsoh prqhwdu| srolf| uxohv/
dqg sduwo| e| xqrevhuydeoh idfwruv/ dv lq wkh d!qh whup0vwuxfwxuh olwhudwxuh14 Dqj
dqg Sld}}hvl*v uhvxowv vxjjhvw wkdw pdfurhfrqrplf yduldeohv kdyh dq lpsruwdqw h{0
sodqdwru| uroh iru |lhogv dqg wkdw wkh lqfoxvlrq ri vxfk yduldeohv lq d whup vwuxfwxuh
prgho fdq lpsuryh lwv 40vwhs dkhdg iruhfdvwlqj shuirupdqfh1 Qhyhuwkhohvv/ xqre0
vhuydeoh idfwruv zlwkrxw d fohdu hfrqrplf lqwhusuhwdwlrq vwloo sod| d uroh lq wkhlu
prgho1 Pruhryhu/ Dqj dqg Sld}}hvl*v wzr0vwdjh hvwlpdwlrq phwkrg uholhv rq wkh
dvvxpswlrq wkdw wkh vkruw whup lqwhuhvw udwh grhv qrw dhfw pdfurhfrqrplf ydul0
deohv/ dq dvvxpswlrq zklfk suhfoxghv dq| phdqlqjixo uroh iru prqhwdu| srolf| dqg
wkxv uhgxfhv wkh vfrsh iru d ixoo xqghuvwdqglqj ri wkh lqwhudfwlrq ehwzhhq prqhwdu|
srolf|/ wkh pdfurhfrqrp| dqg wkh whup vwuxfwxuh ri lqwhuhvw udwhv1
Lq rughu wr uhguhvv wkhvh vkruwfrplqjv/ zh frqvwuxfw d g|qdplf whup vwuxf0
wxuh prgho hqwluho| edvhg rq pdfurhfrqrplf idfwruv/ dqg zkhuh wkhuh lv dq h{solflw
4Lq d uhodwhg sdshu/ Ghzdfkwhu dqg O|ulr +5335, dovr hvwlpdwh mrlqwo| d whup vwuxfwxuh prgho
exlow rq d pdfurhfrqrplf YDU1 Wkhlu sdshu lqfoxghv d glhuhqw pdfurhfrqrplf vshflfdwlrq/ lq
wkdw wkh prgho lv qrw forvhg zlwk d prqhwdu| srolf| uxoh exw zlwk dq h{rjhqrxv orqj0uxq uhodwlrqvkls
ehwzhhq wkh htxloleulxp ydoxhv ri wkh vkruw whup udwh/ lq dwlrq dqg wkh rxwxw jds1
7ihhgedfn iurp wkh vkruw whup +srolf|, udwh wr pdfurhfrqrplf rxwfrphv1 Wkh mrlqw
prghoolqj ri wkuhh nh| pdfurhfrqrplf yduldeohvqdpho|/ lq dwlrq/ wkh rxwsxw jds
dqg wkh vkruw whup srolf| lqwhuhvw udwhvkrxog doorz xv wr rewdlq d pruh dffxudwh
+hqgrjhqrxv, ghvfulswlrq ri wkh g|qdplfv ri wkh vkruw whup udwh1
Lq wklv vhfwlrq/ zh vwduw suhvhqwlqj wkh vlpsoh edfnzdug2iruzdug0orrnlqj prgho
wkdw zh xvh wr ghvfuleh wkh hfrqrp|1 Wkh vwuxfwxuh ri wkh prgho lv idluo| vwdqgdug
dqg zh vroyh lw wkurxjk qxphulfdo phwkrgv wkdw duh dovr vwdqgdug lq wkh pdfur0
hfrqrplf olwhudwxuh1 Zh wkhq vkrz krz d g|qdplf whup vwuxfwxuh fdq eh dwwdfkhg
wr wkh prgho lq d vwudljkwiruzdug pdqqhu/ edvhg rq wkh dvvxpswlrq ri devhqfh ri
duelwudjh rssruwxqlwlhv dvvxpswlrq dqg wkh vwdwh yduldeohv ri wkh pdfurhfrqrplf
prgho1 Ilqdoo|/ zh vnhwfk wkh phwkrgrorj| wkdw zh hpsor| wr hvwlpdwh mrlqwo| rxu
pdfurhfrqrplf soxv whup vwuxfwxuh prgho1
514 D vlpsoh edfnzdug2iruzdug0orrnlqj prgho
Zh gr qrw dlp wr surylgh d ixoo|0 hgjhg plfur irxqghg prgho1 Udwkhu/ zh suhvhqw
dq hpslulfdoo| sodxvleoh vwuxfwxudo prgho wkdw zh prwlydwh e| kljkoljkwlqj wkh dv0
vxpswlrqv wkdw duh w|slfdoo| dgrswhg wr rewdlq lw iurp uvw sulqflsohv1 Wrzdugv wklv
hqg/ wkh prgho fdq eh prwlydwhg e| dq hqylurqphqw zlwk prqrsrolvwlf frpshwlwlrq/
vwlfn| sulfhv dqg ghfuhdvlqj pdujlqdo uhwxuqv wr oderxu1 Wrjhwkhu/ wkhvh dvvxpswlrqv
surgxfh d phdqlqjixo uroh iru prqhwdu| srolf|1 Prqrsrolvwlf frpshwlwlrq lpsolhv
grzqzdug vorslqj ghpdqg fxuyhv zklfk wrjhwkhu zlwk vwlfn| sulfhv fuhdwh dq xq0
hyhq glvwulexwlrq ri surgxfwlrq dprqj upv1 Ghfuhdvlqj uhwxuqv wr oderxu lpso|
d ghdgzhljkw orvv ri wkdw glvwulexwlrq dqg prqhwdu| srolf| vwulyhv wr plqlpl}h wkh
orvv1
Zh vwduw e| fkdudfwhul}lqj d vw|ol}hg yhuvlrq ri wkh orj0olqhdul}hg prgho1 Wkh
djjuhjdwh vxsso| htxdwlrq lv jlyhq e|
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Wklv htxdwlrq lv wkh uvw rughu frqglwlrq ri wkh sulfh0vhwwlqj ghflvlrq ri upv1 Lq
hvvhqfh/ fxuuhqw lq dwlrq lv ghwhuplqhg dv wkh vxp ri h{shfwhg ixwxuh lq dwlrq +gxh
wr vwlfn| sulfhv,/ odjjhg lq dwlrq +gxh wr sduwldo lqgh{dwlrq,/ wkh rxwsxw0jds +pdu0
jlqdo frvw, dqg d frvw sxvk vkrfn +h1j1 d vkrfn wr wkh sulflqj srzhu ri upv,1 Lq d
 h{leoh0sulfh hfrqrp|/ prqrsrolvwlf frpshwlwlrq lpsolhv wkdw sulfhv zloo eh vhw dv d
pdunxs rq pdujlqdo frvw1 Krzhyhu/ zlwk vwlfn| sulfhv/ frpsdqlhv gr qrw nqrz zkhq
8wkhlu sulfhv zloo dgmxvw qh{w/ dqg wkhuhiruh qhhg wr pd{lpl}h wkh vxp ri fxuuhqw dqg
h{shfwhg ixwxuh surwv1 Wkh| wkhuhiruh vhw wkhlu sulfhv dv d vxp ri h{shfwhg ixwxuh
pdunxsv rq pdujlqdo frvw1 Wklv h{sodlqv wkh suhvhqfh ri erwk fxuuhqw rxwsxw0jds
dqg h{shfwhg ixwxuh lq dwlrq/ lq wkdw +devwudfwlqj iurp wkh odjjhg lq dwlrq udwh,
wkh h{shfwhg lq dwlrq whup fdq eh uhfxuvlyho| vxevwlwxwhg wr surgxfh dq lqqlwh
vxp ri h{shfwhg rxwsxw0jdsv1 Wkh dgglwlrqdo odjjhg lq dwlrq udwh fdq eh prwlydwhg
e| sduwldo lqgh{dwlrq/ phdqlqj wkdw wkh upv qrw doorzhg wr uhrswlpl}h wkhlu sulfhv
lq wkh fxuuhqw shulrg/ dgmxvw wkhlu sulfhv dffruglqj wr odjjhg lq dwlrq udwkhu wkdq
nhhslqj wkhp xqfkdqjhg +Fkulvwldqr/ Hlfkhqedxp dqg Hydqv/ 5334,1 Lw kdv dovr
ehhq prwlydwhg e| wkh suhvhqfh ri d vhw ri upv wkdw xvh d edfnzdug0orrnlqj uxoh
r iw k x p ew rv h ws u l f h v /z k h qw k h |k d y hd qr s s r u w x q l w |w rg rv r+ J d o ðd q gJ h u w o h u /
4<<<,1 Wkhvh ihdwxuhv duh lqwurgxfhg wr pdwfk wkh vhuldo ghshqghqfh ri lq dwlrq lq
wkh gdwd +dq lvvxh zlogo| ghedwhg lq uhfhqw |hduv/ vhh h1j1 Ixkuhu dqg Prruh +4<<8,/
Ohylq dqg Sljhu +5335,,1
Qh{w/ wkh djjuhjdwh ghpdqg htxdwlrq/ uhvxowlqj iurp uhzulwlqj wkh lqwhuwhpsr0
udo frqvxpswlrq Hxohu htxdwlrq/ lv
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t :
Wkh uvw whup rq wkh uljkw0kdqg vlgh lv hvvhqwldoo| Kdoo*v udqgrp zdon k|srwkhvlv
zklfk vwdwhv wkdw frqvxpswlrq lv htxdo wr h{shfwhg frqvxpswlrq wrpruurz +zlwk
erqgv lq }hur qhw vxsso|/ frqvxpswlrq htxdov rxwsxw dqg wkhuhiruh wkh rxwsxw0jds
htxdov wkh frqvxpswlrq jds vlqfh wkrvh duh frqvwdqwv lq wkh devhqfh ri fdslwdo,1 Klv
k|srwkhvlv lv vxssohphqwhg zlwk wzr dgglwlrqdo whupv1 Iluvw/ d uhdo lqwhuhvw udwh
+zklfk kh dvvxphg wr eh frqvwdqw, vkliwv wkh frqvxpswlrq suroh vxfk wkdw d uhdo
udwh lqfuhdvh whqgv wr glvfrxudjh fxuuhqw frqvxpswlrq1 Wkh vhfrqg whup lv odjjhg
frqvxpswlrq/ zkrvh suhvhqfh fdq eh prwlydwhg e| kdelw shuvlvwhqfh dqg2ru wkh
suhvhqfh ri uxoh ri wkxpe frqvxphuv +Fdpsehoo dqg Pdqnlz/ 4<;<> Ixkuhu/ 5333>
PfFdooxp dqg Qhovrq/ 4<<<,1
Wkh qdo vwhs lv wr uhfdvw wkh prgho dw d prqwko| iuhtxhqf|/ zklfk zh gr dorqj



























 r +rt  Et ^¡tn￿`, . "x
t
Qrwh wkdw doo yduldeohv duh qrz h{suhvvhg dw wkh prqwko| iuhtxhqf|= qrwdeo|/
lq dwlrq lv ghqhg dv wkh 40prqwk fkdqjh ri wkh orj0sulfh ohyho1 Wkh lq dwlrq htxd0
wlrq lv wkh prqwko| dqdorjxh ri wkdw xvhg e| Uxghexvfk +5335d,/ li rqh glvuhjdugv
Uxghexvfk*v dvvxpswlrq wkdw yduldeohv duh revhuyhg zlwk d 40txduwhu odj1 Lq wkh
hvwlpdwlrq/ zh lpsrvh ¡ .+ 4 ¡,
S ￿2
i’￿¡i @4 / d yhuvlrq ri wkh qdwxudo udwh
k|srwkhvlv1 Dv iru wkh lq dwlrq htxdwlrq/ zh dvvxph wkdw wkhuh duh qr revhuydwlrq
odjv1
Ilqdoo|/ zh qhhg dq dvvxpswlrq derxw krz prqhwdu| srolf| lv frqgxfwhg lq
rughu wr vroyh iru wkh udwlrqdo h{shfwdwlrqv htxloleulxp1 Wkh wkuhh dowhuqdwlyhv prvw
riwhq xvhg lq wkh olwhudwxuh duh wkrvh ri ixoo frpplwphqw/ frpsohwh glvfuhwlrq ru
frpplwphqw wr d vlpsoh uxoh1 Zh iroorz wkh odvw dssurdfk dqg dvvxph wkdw wkh
fhqwudo edqn vhwv wkh qrplqdo vkruw udwh dffruglqj wr











.¢rt3￿ . t: +4,
zkhuh ¡W
t lv wkh xqrevhuydeoh lq dwlrq wdujhw dqg t lv d prqhwdu| srolf| vkrfn1
Wklv lv frqvlvwhqw zlwk wkh irupxodwlrq lq Fodulgd/ Jdoð dqg Jhuwohu +4<<;/ khqfh0
iruwk FJJ,/ zklfk lv d qdwxudo ehqfkpdun iru frpsdulvrq ehfdxvh wkh uxoh kdv ehhq
hvwlpdwhg iru Jhupdq|/ wkh frxqwu| zklfk zh irfxv rq lq wkh hpslulfdo lpsohphqwd0
wlrq1 Wkh whup lq vtxduh eudfnhwv lv d w|slfdo Wd|oru0w|sh uxoh +lq wklv fdvh iruzdug
orrnlqj,/ zkhuh wkh udwh uhvsrqgv wr ghyldwlrqv ri h{shfwhg lq dwlrq iurp wkh wlph0
ydu|lqj lq dwlrq wdujhw1 Wkh vhfrqg sduw ri wkh uxoh lv prwlydwhg e| lqwhuhvw udwh
vprrwklqj frqfhuqv/ zklfk vhhp wr eh dq lpsruwdqw hpslulfdo ihdwxuh ri wkh gdwd1
Wkh pdlq glhuhqfh zlwk uhvshfw wr wkh uxoh hvwlpdwhg e| FJJ lv wkdw zh dovr
doorz iru d wlph0ydu|lqj/ udwkhu wkdq frqvwdqw/ lq dwlrq wdujhw ¡W
t1Z h d g r s w w k l v
irupxodwlrq ehfdxvh wkh Exqghvedqn prglhg lwv phglxp whup sulfh qrup ryhu
wkh vdpsoh shulrg xvhg lq rxu dqdo|vlv1 Wkh prglfdwlrqv zhuh sxeolf nqrzohgjh/
vlqfh wkh| zhuh dqqrxqfhg hyhu| |hdu dv dq lqsxw lq wkh ghulydwlrq ri wkh prqhwdu|
wdujhwv1 Wkh wlph0ydu|lqj lq dwlrq wdujhw ¡W
t vkrxog wkhuhiruh fdswxuh vxfk fkdqjhv/
dv shufhlyhg e| wkh pdunhwv dqg uh hfwhg lq htxloleulxp erqg |lhogv1 Wklv irupxod0
wlrq doorzv xv wr h{sorlw wkh ixoo dydlodeoh vdpsoh shulrg/ zlwkrxw kdylqj wr dvvxph
d euhdn lq wkh srolf| uxoh dw vrph srlqw lq wkh odwh vhyhqwlhv/ dv grqh e| FJJ1
Ilqdoo|/ zh qhhg wr vshfli| wkh vwrfkdvwlf surfhvvhv iroorzhg e| wkh xqrevhuy0
:deoh yduldeohv ri wkh prgho1 Lq d!qh whup vwuxfwxuh prghov/ odwhqw yduldeohv duh
qrupdoo| dvvxphg wr iroorz d YDU+4, surfhvv1 Vrph uhvwulfwlrqv pxvw wkhq eh lp0
srvhg rq wkh sdudphwhuv ri wkh YDU wr hqvxuh hfrqrphwulf lghqwlfdwlrq +Gdl dqg
Vlqjohwrq/ 5333,1 Zkloh kdylqj wkh dgydqwdjh ri  h{lelolw|/ wklv dssurdfk zrxog qrw
eh frqvlvwhqw zlwk rxu pdfurhfrqrplf dvvxpswlrqv1 Li rxu pdfurprgho lv lqghhg
dvvxphg wr surylgh dq dffxudwh ghvfulswlrq ri wkh g|qdplfv ri lq dwlrq/ wkh rxwsxw
jds dqg wkh srolf| lqwhuhvw udwh/ wkhq lw pxvw dovr fdswxuh doo wkh vhuldo fruuhodwlrq
lq wkh gdwd dqg wkh wkuhh pdfur glvwxuedqfhv pxvw eh zklwh qrlvh1 Zh wkhuhiruh
dvvxph wkdw rxu 6 pdfur vkrfnv duh qrupdoo| glvwulexwhg zlwk frqvwdqw yduldqfh15
Wkh rqo| idfwru wkdw zh doorz wr eh vhuldoo| fruuhodwhg lv wkh xqrevhuydeoh




zkhuh u¡;t lv d qrupdo glvwxuedqfh zlwk frqvwdqw yduldqfh1 Lghdoo|/ zh zrxog h{shfw
w k hl q  d w l r qw re hf r q v w d q wlq h{shfwhg whupv/ hyhq li lw lv qrw ghwhuplqlvwlfdoo|
frqvwdqw1 Frqwudu| wr wkh fdvh ri wkh rwkhu vkrfnv/ zh wkhuhiruh h{shfw wr rewdlq
d kljk vhuldo fruuhodwlrq iru wkh lq dwlrq wdujhw surfhvv/ vr dv wr hqvxuh wkdw lw






t iru i @4 ;5 ;:::,16
Ilqdoo|/ vlqfh rxu vkrfnv duh vwuxfwxudo/ zh dvvxph wkdw wkh| duh pxwxdoo|
xqfruuhodwhg1
Dq lpsruwdqw ihdwxuh ri wklv pdfurhfrqrplf prgho lv wkdw lwv vwuxfwxuh lv qrw
dhfwhg e| wkh g|qdplfv ri wkh |lhogv1 Zh fdq wkhuhiruh vroyh lw zlwkrxw sulru
nqrzohgjh ri wkh htxloleulxp sulfhv ri qrplqdo erqgv1 Zh gr wklv qxphulfdoo|
iroorzlqj Vùghuolqg +4<<<,/ zkr sursrvhv d vroxwlrq dojrulwkp edvhg rq wkh Vfkxu
ghfrpsrvlwlrq1 Wkh uhvxow duh wzr pdwulfhv P dqg F vxfk wkdw
[￿;tn￿ @ P[￿;t . ￿;tn￿
[2;tn￿ @ F[￿;tn￿
5Dv d urexvwqhvv fkhfn/ zh dovr hvwlpdwhg wkh prgho dvvxplqj wkdw doo vkrfnv iroorz lqghshq0
ghqw DU+4, surfhvvhv1 Wkh hvwlpdwhg dxwrfruuhodwlrq sdudphwhuv duh vpdoo/ exw qrq0}hur/ dqg wkh
glhuhqfh ehwzhhq wkh wzr prghov lv vwdwlvwlfdoo| vljqlfdqw +d olnholkrrg udwlr whvw zrxog uhmhfw
wkh uhvwulfwhg prgho dw wkh 8( frqghqfh ohyho,1 Qhyhuwkhohvv/ lq doo rwkhu uhvshfwvqdpho|/ wkh
lpsxovh uhvsrqvh ixqfwlrqv/ iruhfdvw huuru yduldqfh ghfrpsrvlwlrqv dqg iruhfdvwlqj shuirupdqfh
wkh wzr prghov duh yluwxdoo| lghqwlfdo1 Zh wkhuhiruh vhohfw wkh uhvwulfwhg prgho edvhg rq hfrqrplf
jurxqgv1
6Lpsrvlqj d xqlw urrw zrxog ylrodwh wkh dvvxpswlrq ri vwdwlrqdulw| ri wkh idfwruv/ dq dvvxpswlrq
pdlqwdlqhg wkurxjkrxw wkh d!qh whup vwuxfwxuh olwhudwxuh1
;zkhuh [￿ lv d yhfwru ri suhghwhuplqhg yduldeohv/ [2 lqfoxghv wkh yduldeohv zklfk duh
qrw suhghwhuplqhg dqg ￿ lv d yhfwru ri vkrfnv +vhh wkh dsshqgl{ iru pruh ghwdlov,17
515 Dgglqj wkh whup vwuxfwxuh wr wkh prgho
Jlyhq wkh vroxwlrq deryh/ wkh vkruw whup lqwhuhvw udwh fdq eh zulwwhq dv d olqhdu
ixqfwlrq ri doo suhghwhuplqhg yduldeohv [￿/ zklfk lq wxuq iroorz d uvw rughu Jdxvvldq
YDU1 Wr exlog wkh whup vwuxfwxuh/ zh rqo| qhhg wr lpsrvh wkh dvvxpswlrq ri devhqfh
ri duelwudjh rssruwxqlwlhv/ zklfk jxdudqwhhv wkh h{lvwhqfh ri d ulvn qhxwudo phdvxuh/
dqg wr vshfli| d surfhvv iru wkh vwrfkdvwlf glvfrxqw idfwru1 Lq wklv uhvshfw/ zh iroorz
forvho| Dqj dqg Sld}}hvl +5336,1
Vshflfdoo|/ wkh qrplqdo sulflqj nhuqho mtn￿ zklfk sulfhv doo qrplqdo erqgv lq





zkhuh ¨tn￿ lv wkh Udgrq0Qlnrg|p ghulydwlyh/ zklfk lv dvvxphg wr iroorz d orj0
qrupdo surfhvv dffruglqj wr















lq wkh hfrqrp|1 Wkh pdunhw sulfhv ri ulvn/ lq wxuq/
kdyh frpprqo| ehhq dvvxphg wr eh frqvwdqw +lq wkh fdvh ri Jdxvvldq prghov, ru
sursruwlrqdo wr wkh idfwru yrodwlolwlhv +h1j1 Gdl dqg Vlqjohwrq +5333,,/ exw uhfhqw
uhvhdufk kdv kljkoljkwhg wkh fohdu ehqhwv lq doorzlqj iru d pruh  h{leoh vshflfdwlrq
ri wkh ulvn sulfhv +h1j1 Gxhh +5335,/ Gdl dqg Vlqjohwrq +5335d,,1 Zh wkhuhiruh
dvvxph wkdw wkh pdunhw sulfhv ri ulvn duh d!qh lq wkh vwdwh yhfwru [￿;t;
t @ f . ￿[￿;t;
vr wkdw wkh pdunhw*v uhtxluhg frpshqvdwlrq iru ehdulqj ulvn fdq ydu| zlwk wkh vwdwh
r iw k hh f r q r p | 1 P r u hs u h f l v h o | / tzloo rqo| sulfh frqwhpsrudqhrxv idfwruv/ dqg
hohphqwv lq f dqg ￿ zklfk fruuhvsrqg wr odjjhg yduldeohv duh vhw wr }hur1
7Wkh suhvhqfh ri qrq0suhghwhuplqhg yduldeohv lq wkh prgho lpsolhv wkdw wkhuh pd| eh pxowlsoh
vroxwlrqv iru vrph sdudphwhu ydoxhv1 Zh frqvwudlq wkh v|vwhp wr eh ghwhuplqdwh lq wkh lwhudwlyh
surfhvv ri pd{lpl}lqj wkh olnholkrrg ixqfwlrq1
<Jlyhq wkh ghqlwlrq ri ¨tn￿/ dqg uhzulwlqj wkh vkruw0whup lqwhuhvw udwh lq +4,
dv rt @ ￿[￿;t; wkh sulflqj nhuqho fdq eh zulwwhq dv


























Wkh sulflqj nhuqho doorzv xv wr sulfh }hur0frxsrq erqgv/ wkurxjk wkh ixqgdphqwdo
dvvhw sulflqj uhodwlrq Et ^mtn￿Rtn￿`@4 ;zkhuh Rtn￿ ghqrwhv jurvv uhwxuqv1 Vlqfh
wkh vwdwh yhfwru dqg wkh vkruw0whup lqwhuhvw udwh duh d!qh ixqfwlrqv ri [￿;t; zh nqrz








zkhuh  An dqg  Bn duh sdudphwhuv zklfk ghshqg rq wkh pdwxulw| n1W d n h qw r j h w k h u
zlwk wkh sulflqj nhuqho uhodwlrq/ wklv fdq eh xvhg wr lghqwli| wkh vwuxfwxuh ri wkh
erqg sulflqj uhodwlrq1 Iru h{dpsoh/ wkh sulfh ri d rqh0shulrg erqg dw wlph t lv jlyhq
e|
p￿
t @ Et ^mtn￿`
@h { s +  r t ,
@h { s

  ￿ [ ￿ ;t

;
exw lw fdq dovr eh h{suhvvhg dv dq h{srqhqwldo d!qh ixqfwlrqv ri [￿ dffruglqj wr
p￿
t @ h{s




Wklv doorzv xv wr lghqwli|  A￿ @3dqg  B￿ @ : Vlploduo|/ orqjhu pdwxulw| erqgv








dqg wkh fruuhvsrqglqj  An dqg  Bn sdudphwhuv fdq eh lghqwlhg dv iroorzlqj wkh
43uhfxuvlrqv







nn￿ @  B￿
n +P  	￿,  ￿:
Ilqdoo|/ wkh frqwlqxrxvo| frpsrxqghg |lhog yn















 An . B￿
n[￿t:
Vwdfnlqj wkh dydlodeoh |lhogv lq d yhfwru \t/ zh zulwh wkh deryh htxdwlrqv mrlqwo| dv
\t @ D . E[￿t1
516 Pd{lpxp olnholkrrg hvwlpdwlrq











￿t lv wkh yhfwru ri revhuydeoh suhghwhuplqhg yduldeohv/ \t lv wkh yhfwru ri
|lhogv dqg [2t duh wkh revhuydeoh frpsrqhqwv ri wkh yhfwru ri qrq0suhghwhuplqhg
yduldeohv +fxuuhqw rxwsxw jds dqg lq dwlrq udwh,1
Wr frqvwuxfw wkh olnholkrrg/ zh dgrsw dq dssurdfk zklfk lv frpprq lq wkh
qdqfh olwhudwxuh dqg zklfk lqyroyhv vroylqj iru wkh xqrevhuydeoh idfwruv iurp d
yhfwru ri |lhogv +Fkhq dqg Vfrww/ 4<<6,1 Lq rxu fdvh/ wkh revhuydwlrq htxdwlrqv ri wkh
vwdwh0vsdfh v|vwhp lqfoxgh qrw mxvw wkh |lhogv/ \t/ exw dovr wkh qrq0suhghwhuplqhg
yduldeohv/ [2t1 Zh wkhuhiruh dvvxph wkdw dv pdq| |lhogv soxv qrq0suhghwhuplqhg
y d u l d e o h vd vx q r e v h u y d e o hv w d w h vd u hp h d v x u h gh { d f w o | /d q gw k d ww k hu h p d l q l q j| l h o g v
duh phdvxuhg zlwk huuru1 Wr dffrxqw iru wkh phdvxuhphqw huuru/ zh uhzulwh wkh
|lhogv htxdwlrq dv \t @ D . E[￿t . Emxm
t / zkhuh wkh xm
t yhfwru ri zklwh qrlvh
vkrfnv kdv }hur hohphqwv fruuhvsrqglqj wr wkh |lhogv phdvxuhg h{dfwo|1 Zh wkhq
sduwlwlrq wkh vwdwh yhfwru lqwr revhuydeoh dqg xqrevhuydeoh frpsrqhqwv dqg uhzulwh









44htxdwlrqv fdq eh xvhg wr edfn rxw wkh xqrevhuydeoh vwdwhv/ [u
￿t/ dqg wkh phdvxuhphqw
vkrfnv/ xm
t 1
Xvlqj wkh dvvxpswlrq ri ruwkrjrqdolw| ri phdvxuhphqw huuru vkrfnv dqg vkrfnv
wr wkh xqrevhuydeoh vwdwhv/ zh vkrz lq wkh dsshqgl{ wkdw wkh orj0olnholkrrg ixqfwlrq
wr pd{lpl}h wdnhv wkh irup

















































8 / n m lv wkh qxpehu ri phdvxuhphqw huuruv dqg n￿ lv
wkh qxpehu ri suhghwhuplqhg yduldeohv1
Dqj dqg Sld}}hvl +5336, dvvxphg qr ihhgedfn iurp lqwhuhvw udwhv wr wkh pdfur
yduldeohv1 Wkhuhiruh/ wkh prgho frxog eh hvwlpdwhg lq d wzr0vwhs surfhgxuh/ uvw
hvwlpdwlqj wkh pdfur YDU dqg wkhq/ {lqj wkrvh sdudphwhuv/ wkh whup0vwuxfwxuh
sduw1 Lq rxu fdvh/ wklv lv qrw srvvleoh ehfdxvh zh gr qrw dvvxph lqghshqghqfh
ehwzhhq wkh pdfur yduldeohv dqg wkh lqwhuhvw udwhv1 Ixuwkhupruh/ zh edfn rxw rxu
xqrevhuydeoh pdfurhfrqrplf yduldeohv iurp wkh |lhogv1 Zh pxvw wkhuhiruh hvwlpdwh
wkh zkroh v|vwhp mrlqwo|1 Lq wkhru|/ wklv lv ri frxuvh suhihudeoh1 Wkh sureohp lv
wkdw wkh sdudphwhu vsdfh lv txlwh odujh dqg wkhuhiruh wkh rswlpl}dwlrq sureohp ri
pd{lpl}lqj wkh olnholkrrg ixqfwlrq lv qrq0wulyldo dqg wlph frqvxplqj1 Zh hpsor|
wkh phwkrg ri vlpxodwhg dqqhdolqj/ lqwurgxfhg wr wkh hfrqrphwulf olwhudwxuh e|
Jrh hw do1 +4<<7,1 Wkh phwkrg lv ghyhorshg zlwk dq dlp wrzdugv dssolfdwlrqv
zkhuh wkhuh pd| eh d odujh qxpehu ri orfdo rswlpd18
6 Dq dssolfdwlrq wr wkh Jhupdq whup vwuxfwxuh
Wkh pdfurhfrqrplf prgho ghvfulehg lq vhfwlrq 5 lv d forvhg hfrqrp| prgho1 Lghdoo|/
zh zrxog olnh wr whvw lw rq wkh hxur duhd/ zklfk lv uhodwlyho| odujh wr pdnh wkh
forvhg hfrqrp| dvvxpswlrq dssur{lpdwho| ydolg1 Xqiruwxqdwho|/ krzhyhu/ hxur duhd
gdwd duh rqo| dydlodeoh iru d vkruw vdpsoh shulrg1 Lq pdfurhfrqrplf dssolfdwlrqv
8Zh duh lq wkh surfhvv ri yhuli|lqj wkdw rxu hvwlpdwhv duh urexvw wr odujh shuwxuedwlrqv lq wkh
vwduwlqj ydoxhv1
45uhvhdufkhuv kdyh wkhuhiruh uholhg rq v|qwkhwlf gdwd/ l1h1 gdwd frqvwuxfwhg dv zhljkwhg
dyhudjhv ri qdwlrqdo gdwd ryhu wkh suh0HPX shulrg +h1j1 Vphwv/ 5333,1 Uho|lqj rq
v|qwkhwlf gdwd/ krzhyhu/ dsshduv wr eh sduwlfxoduo| xqvdwlvidfwru| li rqh lv lqwhuhvwhg
lq whvwlqj d g|qdplf whup vwuxfwxuh prgho1 Wkhvh prghov duh frqvwuxfwhg rq wkh
dvvxpswlrq ri devhqfh ri duelwudjh rssruwxqlwlhv dqg uho| rq wkh h{lvwhqfh ri d oltxlg
dqg zhoo ixqfwlrqlqj pdunhw1 Lw lv qrw fohdu wkdw d hxur duhd whup vwuxfwxuh ri lqwhuhvw
udwhv frqvwuxfwhg dv d zhljkwhg dyhudjh ri qdwlrqdo whup vwuxfwxuhv zrxog lqghhg
eh duelwudjh iuhh1 Iru wklv uhdvrq/ zh uhvwulfw rxu dwwhqwlrq wr wkh odujhvw frxqwu|
lq wkh duhd/ Jhupdq|/ xqghu wkh dvvxpswlrq wkdw wkh forvhg hfrqrp| dvvxpswlrq lv
dssur{lpdwho| ydolg dovr iru wkh Jhupdq hfrqrp|1 Rxu gdwd vhw uxqv iurp Mdqxdu|
4<:8 wr Ghfhpehu 53351
Lq pruh ghwdlo/ wkh whup vwuxfwxuh gdwd frqvlvwv ri prqwko| Jhupdq }hur0frxsrq
|lhogv iru wkh pdwxulwlhv 4 dqg 6 prqwkv/ dv zhoo dv 4/ 6/ dqg 43 |hduv1 Zh dvvxph wkdw
wkh 40prqwk udwh dqg wkh 40|hdu |lhog duh shuihfwo| revhuydeoh/ zkloh wkh 60prqwk
udwh dqg wkh 6 dqg 430|hdu |lhogv duh vxemhfw wr phdvxuhphqw huuru1 \lhogv xs wr wkh
rqh |hdu pdwxulw| duh revhuyhg GHP +HXU diwhu Ghfhpehu 4<<;, lqwhuedqn lqwhuhvw
udwhv/ zkhuhdv wkh orqjhu |lhogv duh wwhg hvwlpdwhv edvhg rq revhuyhg pdunhw sulfhv1
Vshflfdoo|/ iru wkh orqjhu |lhogv zh xvh d prqwko| wlph0vhulhv ri sdudphwhu hvwlpdwhv
iru Vyhqvvrq*v +4<<7, h{whqvlrq ri wkh Qhovrq dqg Vlhjho +4<;:, prgho rewdlqhg iurp
wkh ELV1 Wkhvh sdudphwhuv kdyh ehhq hvwlpdwhg e| wwlqj wkh prgho wr wkh suhydlolqj
Jhupdq |lhog fxuyh dw wkh hqg ri hdfk prqwk/ l1h1 wr dydlodeoh prqh| pdunhw dqg
jryhuqphqw erqg gdwd1 Wkhvh sdudphwhuv doorz xv wr rewdlq }hur0frxsrq erqg
sulfhv dqg |lhogv iru wkh pdwxulwlhv zh duh lqwhuhvwhg lq gxulqj wkh vdpsoh shulrg/
l1h1 d wlph0vhulhv ri Jhupdq whup vwuxfwxuhv1
Frqfhuqlqj wkh pdfur gdwd/ zh frqvwuxfw wkh lq dwlrq vhulhv xvlqj d vhdvrqdoo|
dgmxvwhg FSL +doo lwhpv,1 Iru wkh rxwsxw jds/ zh iroorz FJJ dqg ghwuhqg wkh orj ri
wrwdo lqgxvwuldo surgxfwlrq +h{foxglqj frqvwuxfwlrq, xvlqj d txdgudwlf wuhqg1 Erwk
vhulhv uhihu wr xqlhg Jhupdq| iurp 4<<4 rqzdugv dqg wr Zhvw Jhupdq| sulru wr
wklv gdwh1 Wkh pdfurhfrqrplf dqg whup0vwuxfwxuh vhulhv duh vkrzq lq Iljxuh 41
Zh hvwlpdwh wkh prgho ryhu wkh suh0HPX vdpsoh +Iheuxdu| 4<:9 wr Ghfhpehu
4<<;/ wdnlqj wkh odjv vwuxfwxuh lqwr dffrxqw, dqg xvh wkh HPX |hduv iru wkh rxw0
ri0vdpsoh iruhfdvwlqj h{huflvh1 Jlyhq wkh reylrxv srvvlelolw| ri d vwuxfwxudo euhdn
rffxuulqj lq 4<<</ zlwk wkh vwduw ri HPX/ wkh iruhfdvw uhsuhvhqwv d yhu| vwurqj whvw
ri wkh vwdelolw| ri rxu prgho1 Jlyhq rxu uhvxowv/ lw zrxog qrw dsshdu xquhdvrqdeoh
wr dvvxph wkdw/ lq wkh uvw |hduv ri HPX/ wkh srolf| uxoh iroorzhg e| wkh HFE zdv
46frqvlvwhqw zlwk wkdw ri wkh Exqghvedqn1
614 Hvwlpdwlrq uhvxowv
Wr uhgxfh wkh sdudphwhu vsdfh lq rxu hpslulfdo dssolfdwlrq/ zh olplw wkh odjv ri
lq dwlrq dqg rxwsxw jds lqfoxghg lq wkh v|vwhp1 Dw d suholplqdu| vwdjh/ zh uxq
xquhvwulfwhg ROV uhjuhvvlrqv ri lq dwlrq dqg wkh rxwsxw jds rq 45 odjv ri erwk
yduldeohv dqg 4 odj ri wkh vkruw whup lqwhuhvw udwh/ l1h1 rq doo wkh revhuyhg vwdwh
yduldeohv ri rxu wkhruhwlfdo prgho1 Edvhg rq wkh uhvxowv ri wklv uhjuhvvlrq/ zh gurs
doo odjv ri lq dwlrq +lq wkh lq dwlrq htxdwlrq, dqg wkh rxwsxw jds +lq wkh rxwsxw
jds htxdwlrq, wkdw duh lqvljqlfdqw dw wkh 43( ohyho1 Lq rxu pd{lpxp olnholkrrg
hvwlpdwlrq ri wkh prgho/ zh wkhuhiruh lqfoxgh vhohfwhg odjv iru wkh pdfur yduldeohv19
Lq dgglwlrq/ zh uhvwulfw wkh ￿ pdwul{ zklfk vshflhv wkh ghshqghqfh ri wkh
sulfhv ri ulvn rq wkh vwdwh yhfwru1 Frqvlvwhqwo| zlwk wkh dvvxpswlrq ri ruwkrjrqdolw|
ehwzhhq pdfurhfrqrplf vkrfnv/ zh dvvxph wkdw wkh ￿ pdwul{ kdv }hur r0gldjrqdo
hohphqwv fruuhvsrqglqj wr wkh lqwhudfwlrq ehwzhhq prqhwdu| srolf|/ lq dwlrq dqg
rxwsxw jds vkrfnv1 Dv d uhvxow/ wkh ￿ lv dvvxphg wr kdyh wkh iroorzlqj vwuxfwxuh
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61414 Sdudphwhu hvwlpdwhv
Rxu sdshu dsshduv wr eh wkh uvw wr hvwlpdwh d vlpsoh edfnzdug2iruzdug0orrnlqj
pdfurhfrqrplf prgho iru Jhupdq|1 Zh wkhuhiruh glvfxvv rxu pdfurhfrqrplf uhvxowv
vhsdudwho|/ vlqfh wkh| duh ri lqghshqghqw lqwhuhvw1 Wkh rqo| vwxg| rq Jhupdq| zklfk
zh kdyh irxqg lq wkh olwhudwxuh lv wkh dqdo|vlv ri wkh Skloolsv fxuyh e| Mrqghdx dqg
Oh Elkdq +5334,/ zkr hvwlpdwh wkh Jhupdq Skloolsv fxuyh edvhg rq txduwhuo| gdwd/
xvlqj d ydulhw| ri vshflfdwlrqv dqg wzr glhuhqw hvwlpdwlrq phwkrgv +JPP dqg
pd{lpxp olnholkrrg,1
Li zh wdnh lqwr dffrxqw wkdw wkh pdfur prgho pxvw dovr khos wr w wkh g|qdplfv
ri wkh whup vwuxfwxuh/ wkh prgho grhv uhodwlyho| zhoo lq h{sodlqlqj wkh mrlqw hyroxwlrq
ri lq dwlrq/ wkh rxwsxw jds dqg wkh srolf| lqwhuhvw udwh1 Vshflfdoo|/ wkh prgho
sdudphwhuv duh hvwlpdwhg wr eh eurdgo| lq olqh zlwk rwkhu dydlodeoh hvwlpdwhv vroho|
9Vshflfdoo|/ zh xvh odjv 4/ 6/ :/ ;/ 44/ 45 iru lq dwlrq dqg odjv 4/ 5/ 6/ </ 45 iru wkh rxwsxw jds1
47edvhg rq pdfurhfrqrplf yduldeohv1 Wkh suhvhqfh ri wkh |lhogv lq wkh prgho/ dqg lq
wkh hvwlpdwlrq/ fdq dssduhqwo| eh dffrpprgdwhg zlwkrxw wzlvwlqj wkh pdfurprgho
wrzdugv xquhdvrqdeoh sdudphwhu uhjlrqv +vhh Wdeoh 4,1
D pruh ghwdlohg uhylhz vkrzv wkdw rxu hvwlpdwhv iru Jhupdq| frqup wkh
XV uhvxow wkdw erwk iruzdug orrnlqj dqg edfnzdug orrnlqj frpsrqhqwv whqg wr eh
qhfhvvdu| wr h{sodlq lq dwlrq g|qdplfv1 Frpsduhg wr dydlodeoh XV uhvxowv +edvhg
rq txduwhuo| gdwd,/ krzhyhu/ zh rewdlq d uhodwlyho| kljk zhljkw iru iruzdug orrnlqj
hohphqwv lq erwk wkh lq dwlrq dqg wkh rxwsxw jds htxdwlrqv1 Rxu ¡ @3 : 87/i r u
h{dpsoh/ frpsduhv wr wkh ydoxh ri 3:5< irxqg e| Uxghexvfk +5335d,1 Rxu srlqw
hvwlpdwh lv/ qhyhuwkhohvv/ zlwklq wkh udqjh ri ydoxhv irxqg e| Mrqghdx dqg Oh Elkdq
+5334, iru Jhupdq gdwd1: Rxu uhvxowv duh dovr txlwh vlplodu wr wkrvh ri Vphwv +5333,
xvlqj dqqxdo gdwd iru wkh hxur duhd +¡ @3 : 85,1
Qrw vxusulvlqjo|/ wkh ydoxh ri ¡ lv dhfwhg e| wkh suhvhqfh ri d wlph ydu|lqj
lq dwlrq wdujhw lq wkh srolf| uxoh1 Lqghhg/ li wkh 60htxdwlrq pdfurprgho lv hvwlpdwhg
vhsdudwho| dqg zlwk d frqvwdqw lq dwlrq wdujhw lq wkh srolf| uxoh/ wkh iruzdug orrnlqj
lq dwlrq frpsrqhqw dsshduv wr eh vrphzkdw orzhu +¡ @3 : 66,1 Lqwxlwlyho|/ d wlph0
ydu|lqj dqg kljko| shuvlvwhqw lq dwlrq wdujhw fdq dffrxqw hqgrjhqrxvo| iru vrph
ri wkh shuvlvwhqfh ri revhuyhg lq dwlrq1
Iru wkh rxwsxw jds/ wkh iruzdug orrnlqj frpsrqhqw dsshduv wr sod| d ohvv
lpsruwdqw uroh +x @3 : 4;,1 Lq wklv fdvh/ rxu hvwlpdwhv duh lq wkh udqjh ri ydoxhv
uhsruwhg e| Ixkuhu dqg Uxghexvfk +5335d, iru wkh XV +dqg djdlq edvhg rq txduwhuo|
gdwd,/ exw orzhu wkdq dydlodeoh Hxurshdq hvwlpdwhv1 Erwk Vphwv +5333, iru wkh hxur
duhd dqg Fkdgkd/ Pdvvrq dqg Phuhglwk +4<<5, iru d sdqho ri Iudqfh/ Jhupdq|
dqg Lwdo| qg d kljkhu ghjuhh ri iruzdug0orrnlqjqhvv +3:89 dqg 3:78/ uhvshfwlyho|,1
Xqiruwxqdwho|/ qr hvwlpdwhv edvhg rq Jhupdq gdwd dsshdu wr eh dydlodeoh lq wkh
olwhudwxuh1
Wkh hodvwlflw| ri lq dwlrq wr wkh rxwsxw jds lv hvwlpdwhg wr eh yhu| vpdoo +x @
3:34, frpsduhg wr XV hvwlpdwhv +h1j1/ Uxghexvfk*v hvwlpdwh rq txduwhuo| gdwd lv
x @3 : 46,1 Krzhyhu/ uhodwlyho| vpdoo ydoxhv duh qrw xqfrpprq lq dqdo|vhv edvhg rq
Jhupdq gdwd1 Ghshqglqj rq wkh vshflfdwlrq dqg wkh hvwlpdwlrq phwkrg/ Mrqghdx
dqg Oh Elkdq +5334, qg ydoxhv ehwzhhq 3 dqg 3:4<1 Wkh vhqvlwlylw| ri wkh rxwsxw
jds wr wkh uhdo lqwhuhvw udwh +r @3 : 36, lv dovr vpdoo frpsduhg wr rwkhu dydlodeoh
uhvxowv1 Uxghexvfk +5335d, uhsruwv d ydoxh ri 3:3< iru wkh XV dqg Vphwv +5333,
d ydoxh ri 3:39 iru wkh hxur duhd1 Qhyhuwkhohvv/ d vpdoo vhqvlwlylw| ri wkh Jhupdq
:Wkh vdpsoh xvhg e| wkh Mrqghdx dqg Oh Elkdq +5334, uxqv iurp 4<:3T4 wr 4<<<T71
48rxwsxw jds wr wkh uhdo lqwhuhvw udwh dovr hphujhv iurp YDU vwxglhv +vhh vhfwlrq
61415,1
Frqfhuqlqj wkh sdudphwhuv ri wkh prqhwdu| srolf| uxoh/ rxu uhvxowv duh eurdgo|
frqvlvwhqw zlwk wkrvh ri FJJ1 Zh qg d vrphzkdw kljkhu ghjuhh ri lqwhuhvw udwh
vprrwklqj +durxqg ¢ @3 : <8/ frpsduhg wr wkh ydoxh ri 3:<4 uhsruwhg lq Wdeoh 4 ri
FJJ, exw/ dw wkh vdph wlph/ d pruh djjuhvvlyh htxloleulxp uhvsrqvh wr lq dwlrq
ghyldwlrqv iurp wdujhw dqg wr wkh rxwsxw jds +rxu frh!flhqwv lpso| ydoxhv ri 6:57
dqg 3:67/ uhvshfwlyho|/ frpsduhg wr 4:64 dqg 3:58 lq wkh edvholqh vshflfdwlrq ri
FJJ,1 Vlqfh wkh vwdqgdug huuruv ri rxu hvwlpdwhv duh uhodwlyho| odujh/ krzhyhu/ wkh
glvfuhsdqf| lv qrw vwdwlvwlfdoo| vljqlfdqw1 Wkh glvfuhsdqflhv pd| reylrxvo| dovr eh
gxh wr glhuhqfhv lq wkh hvwlpdwlrq phwkrg +JPP lq FJJ,/ lq wkh vdpsoh shulrg
+4<:<=704<<6=45 lq FJJ,/ lq wkh vshflfdwlrq ri wkh srolf| uxoh +frqvwdqw lq dwlrq
wdujhw lq FJJ,/ dqg lq wkh vhohfwhg srolf| lqwhuhvw udwh +lqwhuedqn gd|0wr0gd| udwh lq
FJJ,1 Wkh qhw hhfw/ krzhyhu/ lv wkdw ri dq hvvhqwldoo| htxlydohqw lpsdfw uhvsrqvh
wr lq dwlrq dqg wkh rxwsxw jds1
Dv wr wkh rwkhu sdudphwhuv/ wkh dxwrfruuhodwlrq frh!flhqw ri wkh lq dwlrq wdujhw
surfhvv lv yhu| forvh wr 41; Frqfhuqlqj wkh whup vwuxfwxuh/ rxu hvwlpdwhv ri wkh
vwdqgdug ghyldwlrqv ri wkh phdvxuhphqw huuruv duh ehwzhhq 46 edvlv srlqwv iru wkh
60prqwk udwh dqg 55 edvlv srlqwv iru wkh 43 |hdu |lhog1 Wkhvh ydoxhv duh eurdgo| lq
olqh zlwk wkh uhvxowv ri prghov edvhg vroho| rq xqrevhuydeoh idfwruv1
61415 Lpsxovh uhvsrqvh ixqfwlrqv
Rxu vwuxfwxudo prgho doorzv xv wr frpsxwh lpsxovh uhvsrqvh ixqfwlrqv ri pdfur
yduldeohv dqg |lhogv wr wkh xqghuo|lqj pdfur vkrfnv1 Wklv lv sduwlfxoduo| lqwhuhvwlqj
iru wkh prqhwdu| srolf| vkrfn/ zkrvh lghqwlfdwlrq dqg hhfwv duh wkh vxemhfw ri d
ydvw olwhudwxuh +vhh Fkulvwldqr/ Hlfkhqedxp dqg Hydqv/ 4<<<,1
Ehiruh glvfxvvlqj wkh lpsxovh uhvsrqvh ixqfwlrqv ri rxu prgho/ Iljxuh 5 vkrzv
dfwxdo |hdu0rq0|hdu lq dwlrq dqg wkh +shufhlyhg, lq dwlrq wdujhw h{wudfwhg wkurxjk
wkh prgho1 Wkh wdujhw lv fkdudfwhul}hg e| d ghfuhdvlqj wuhqg ryhu wkh hvwlpdwlrq
shulrg= lw jrhv iurp dssur{lpdwho| 7 shufhqw lq 4<:8 wr 4 s h u f h q wd ww k hh q gr i
4<<;1 Wklv lv txlwh frqvlvwhqw zlwk wkh wlph sdwwhuq ri wkh sulfh qrup dqqrxqfhg
hyhu| |hdu e| wkh Exqghvedqn/ wkdw dovr ihoo iurp 7:8 wr ehorz 5 shufhqw ryhu wkh
shulrg1 Wkh vkruw0whup g|qdplfv ri wkh +shufhlyhg, lq dwlrq wdujhw qrupdoo| plplf
wkrvh ri dfwxdo lq dwlrq/ hyhq li lq d ohvv surqrxqfhg idvklrq1 Wkhuh duh/ krzhyhu/
;Wkh sdudphwhu lv frqvwudlqhg wr eh vwulfwo| vpdoohu wkdq 4 lq wkh hvwlpdwlrq1
49h{fhswlrqv1 Qrwlfhdeo|/ wkh lq dwlrq wdujhw grhv qrw idoo lq wkh odwh hljkwlhv zkhq
lq dwlrq whpsrudulo| uhdfkhv qhjdwlyh ydoxhv1 Wkh lq dwlrq wdujhw lv dovr ohvv yduldeoh
wkdq dfwxdo lq dwlrq= lwv vdpsoh vwdqgdug ghyldwlrq ri 3:;: frpsduhv wr 4:96 iru
dfwxdo lq dwlrq> wkh plqlpxp dqg pd{lpxp ri wkh wdujhw duh 3:<3 dqg 8:66 shufhqw/
frpsduhg wr fruuhvsrqglqj ydoxhv ri 3:<; dqg ::45 shufhqw iru dfwxdo lq dwlrq1
Iljxuhv 6 wr 9 vkrz wkh lpsxovh uhvsrqvhv ri wkh pdfurhfrqrplf yduldeohv dqg
wkh |lhogv wr wkh vwuxfwxudo vkrfnv1
Zh vwduw zlwk Iljxuh 6/ zklfk glvsod|v wkh lpsxovh uhvsrqvhv wr d vkrfn wr
wkh lq dwlrq wdujhw/ zklfk lqfuhdvhv rq lpsdfw e| dssur{lpdwho| 3:5 shufhqwdjh
srlqwv1 Wkh vkrfn lv reylrxvo| yhu| shuvlvwhqw gxh wr wkh kljk vhuldo fruuhodwlrq ri
wkh lq dwlrq wdujhw surfhvv1 Vlqfh lq dwlrq lv uhodwlyho| iruzdug0orrnlqj/ lw mxpsv
xszdugv lpphgldwho|/ dqg wkhq frqwlqxhv wr lqfuhdvh iru xs wr 4 |hdu diwhu wkh vkrfn/
zkloh wkh srolf| udwh lv vorzhu wr fdwfk xs ehfdxvh ri wkh kljk vprrwklqj frh!flhqw1
Frqvhtxhqwo|/ lq dwlrq lqlwldoo| ryhuvkrrwv wkh +qhz, wdujhw/ wkhq uhyhuwv wr lw
iurp kljkhu ydoxhv1 Zlwk lq dwlrq voljkwo| deryh wdujhw dqg qhjdwlyh uhdo udwhv/
wkhuh lv d surjuhvvlyh rshqlqj ri dq rxwsxw jds1 Wkh 40prqwk udwh frqwlqxhv wr ulvh/
dowkrxjk dw dq h{wuhpho| vorz sdfh/ xqwlo prqhwdu| srolf| ehfrphv frqwudfwlrqdu|1
Wkh |lhogv mxps xs frqvlvwhqwo| zlwk wkh dqwlflsdwhg wljkwhqlqj f|foh ri prqhwdu|
srolf|1 Wkh vl}h ri wkh mxps lv lqfuhdvlqj lq pdwxulw| iru pdwxulwlhv xs wr 6 |hduv/
dqg wkhq ghfuhdvlqj lq pdwxulw|/ frqvlvwhqwo| zlwk wkh xowlpdwho| phdq uhyhuwlqj
qdwxuh ri wkh lq dwlrq wdujhw vkrfnv1
Iljxuh 7 vkrzv wkh hhfw ri d 78 edvlv srlqwv lqfuhdvh lq wkh 40prqwk lqwhuhvw
udwh ehfdxvh ri d prqhwdu| srolf| vkrfn +wkh glvwxuedqfh u￿;t,1 Wkh hhfwv ri wkh
vkrfn duh txlwh shuvlvwhqw ryhu wlph/ ehfdxvh ri wkh kljk lqwhuhvw udwh vprrwklqj
frh!flhqw1 Wkh lqfuhdvh lq wkh vkruw whup lqwhuhvw udwh fdxvhv d surjuhvvlyh rshqlqj
ri d qhjdwlyh rxwsxw jds/ xs wr d shdn ri dssur{lpdwho| 3:5 shufhqwdjh srlqwv diwhu
4:8 |hduv1 Lq dwlrq dovr idoov diwhu wkh vkrfn/ exw e| d wlq| dprxqw dqg dssur{lpdwho|
dw wkh vdph wlph ri wkh rxwsxw jds1 Erwk wkh vl}h dqg wkh wlplqj ri wkh lq dwlrq
uhvsrqvh duh vrphzkdw glhuhqw iurp wkrvh qrupdoo| rewdlqhg edvhg rq XV gdwd
+h1j1/ Fkulvwldqr/ Hlfkhqedxp dqg Hydqv/ 4<<<,1 Qhyhuwkhohvv/ wkh lq dwlrq uhvsrqvh
lv eurdgo| frqvlvwhqw zlwk wkh uhvxowv ri YDU vwxglhv edvhg rq Jhupdq +prqwko|,
gdwd= Vlpv +4<<5,/ Fodulgd dqg Jhuwohu +4<<:, dqg Ehuqdqnh dqg Plkry +4<<:,
doo qg qhjoljleoh/ ru vwdwlvwlfdoo| lqvljqlfdqw/ uhvsrqvhv ri sulfhv ru lq dwlrq +ru
hyhq hylghqfh ri d sulfh sx}}oh,1 Uh hfwlqj wkh pdunhg/ exw whpsrudu|/ qdwxuh ri
wkh prqhwdu| srolf| vkrfn/ wkh uhvsrqvh ri wkh whup vwuxfwxuh lv ghfuhdvlqj lq wkh
4:pdwxulw| ri wkh erqgv1 Wklv uhvsrqvh lv txlwh vlplodu wr wkdw rewdlqhg e| Hydqv dqg
Pduvkdoo +4<<9, iru wkh XV1
W k hl p s x o v hu h v s r q v h vw rd ql q  d w l r qv k r f nd q gd qr x w s x wv k r f nd u hv k r z q
lq Iljxuhv 8 dqg 9/ uhvshfwlyho|1 Lq dwlrq vkrfnv whqg wr eh uhodwlyho| vkruw olyhg1
Rq dyhudjh/ wkh| lpso| dq lqfuhdvh ri |hdu0rq0|hdu lq dwlrq xs wr d pd{lpxp ri
3:63 shufhqwdjh srlqwv diwhu 4 |hdu1 Wkh hhfwv ri wkh vkrfn wkhq txlfno| glh rxw/ dv
prqhwdu| srolf| uhdfwv wr wkhp txlwh djjuhvvlyho|1 Diwhu dq lqlwldo dqg vkruw0olyhg
h{sdqvlrqdu| hhfw/ wkh hfrqrp| jrhv wkurxjk d plog uhfhvvlrq dv d uhvxowv ri wkh
srolf| wljkwhqlqj1 Wkh qrwdeoh ihdwxuh ri wkh uhdfwlrq ri wkh |lhog fxuyh lv wkdw lw lv
doprvw frpsohwho| uhdevruehg dw doo pdwxulwlhv diwhu 5 |hduv1
Ilqdoo|/ dq rxwsxw vkrfn lpsolhv dq lqfuhdvh ri wkh jds e| dssur{lpdwho| 4:6
shufhqwdjh srlqwv1 Ehfdxvh ri wkh vpdoo hodvwlflw| ri lq dwlrq wr wkh jds/ lq dwlrq
lqfuhdvhv e| ohvv wkdq 3:4 shufhqwdjh srlqwv lq uhvsrqvh wr wkh vkrfn1 Frqvhtxhqwo|/
wkh srolf| lqwhuhvw udwh lqfuhdvhv olwwoh dqg yhu| vorzo|/ xs wr d shdn ri dssur{lpdwho|
48 e d v l vs r l q w vd i w h u4 : 8|hduv1 Dv d uhvxow/ 4 6 dqg 80|hdu |lhogv lqfuhdvh/ rq lpsdfw/
pruh wkdq wkh 40prqwk udwh/ zkloh wkh 430|hdu pdwxulw| lv ohvv uhdfwlyh ehfdxvh ri
wkh h{shfwhg ixwxuh uhwxuq wr edvholqh ri wkh srolf| udwh1
61416 Pdfur vkrfnv dqg ulvn suhpld
Rqh ri wkh dgydqwdjhv ri rxu mrlqw wuhdwphqw ri pdfurhfrqrplfv dqg whup0vwuxfwxuh
g|qdplfv lv wkdw zh duh deoh wr ghulyh wkh lpsxovh uhvsrqvh ri wkhruhwlfdo ulvn suhpld
wr pdfur vkrfnv/ lqfoxglqj wkh prqhwdu| srolf| vkrfn1
Dv d suholplqdu| vwhs/ zh dqdo|}h wkh zhljkwv ri hdfk ri wkh vkrfnv ri wkh
prgho rq wkh |lhogv dw ydulrxv pdwxulwlhv/ l1h1 wkh Bn pdwulfhv +vhh Iljxuh :,1 Wkhvh
duh lqwhuhvwlqj wr frpsduh wr wkh uhvxowv riwhq rewdlqhg iurp prghov edvhg rq 6
xqrevhuydeoh idfwruv/ zkrvh lqwhusuhwdwlrq lv w|slfdoo| jlyhq lq whupv ri ohyho/ vorsh
dqg fxuydwxuh ri wkh |lhog fxuyh1
Iljxuh : vkrzv wkdw wkh lq dwlrq wdujhw dhfwv wkh pdwxulwlhv eh|rqg 5 |hduv
doprvw xqlirupo|/ zkloh lw kdv d vpdoohu hhfw rq wkh vkruw hqg ri wkh fxuyh1 Wkh
lq dwlrq wdujhw wkhuhiruh sod|v d pl{hg uroh ri ohyho idfwru iru wkh orqj hqg ri wkh
fxuyh dqg ri vorsh idfwru iru wkh vkruw hqg1 Wkh uroh ri ohyho idfwru iru orqj pdwx0
ulwlhv lv lqwxlwlyho| dsshdolqj iurp d pdfurhfrqrplf shuvshfwlyh/ dv lw lghqwlhv wkh
lq dwlrq wdujhw zlwk wkh qrplqdo dqfkru ri wkh hfrqrp|1
Dw vkruw pdwxulwlhv/ wkh ohyho dqg vorsh ri wkh |lhog fxuyh duh fuxfldoo| lq xhqfhg
e| wkh prqhwdu| srolf| vkrfn1 Wklv lv dovr lqwxlwlyho| dsshdolqj/ dv lw sruwud|v wkh
4;wljkw frqwuro ri wkh fhqwudo edqn rq vkruw udwhv/ gxh wr oltxlglw| hhfwv1
Lq dwlrq vkrfnv dqg rxwsxw jds vkrfnv kdyh d kxps vkdshg zhljkw1 Wkh|
prvwo| dhfw wkh fxuydwxuh ri wkh |lhog fxuyh dw fhuwdlq pdwxulwlhv1 Krzhyhu/ wkhlu
vwdqgdugl}hg zhljkwv duh vpdoo/ hvshfldoo| iru lq dwlrq vkrfnv1 Wklv vxjjhvwv wkdw
wkh| sod| d plqru uroh lq wkh whup0vwuxfwxuh prgho1
Wkh lpsdfw uhvsrqvh ri |lhog suhpld wr wkh pdfurhfrqrplf vkrfnv duh vkrzq
lq Iljxuh ;1 Wkh lq dwlrq wdujhw vkrfn lv lpphgldwho| iroorzhg e| dq lqfuhdvh ri wkh
| l h o gs u h p l x pd o r q jw k hz k r o hf x u y h /z l w kds h d nh  h f wr im x v wr y h u43 edvlv srlqwv
dw wkh 60|hdu pdwxulw|1 Vxfk lqfuhdvh lq wkh |lhog suhplxp lv kljko| vljqlfdqw/ iurp
dq hfrqrplf ylhzsrlqw1 Iru pdwxulwlhv xs wr 6 |hduv/ lw dffrxqwv iru dssur{lpdwho|
kdoi ri wkh |lhog uhvsrqvh glvsod|hg lq Iljxuh 61
Wkh prqhwdu| srolf| vkrfn jlyhv ulvh wr d idoo lq zkroh whup vwuxfwxuh ri |lhog
suhpld1 Wkh hhfw lv vpdoo/ frpsduhg wr wkdw rq wkh |lhog ohyhov/ iru pdwxulwlhv
xs wr 6 |hduv1 Iru orqjhu pdwxulwlhv/ krzhyhu/ lw vljqlfdqwo| uhgxfhv wkh vl}h ri
wkh uhvsrqvh ri wkh |lhogv1 Wkh vpdoo lpsdfw uhvsrqvh ri wkh 430|hdu |lhog wr wkh
prqhwdu| srolf| vkrfn/ iru h{dpsoh/ zrxog doprvw grxeoh lq vl}h li |lhog suhpld zhuh
vhw htxdo wr d frqvwdqw1
Dowkrxjk olplwhg lq devroxwh pdjqlwxgh/ wkh lpsdfw uhvsrqvh ri |lhog suhpld wr
lq dwlrq dqg rxwsxw vkrfnv lv dovr odujh zkhq frpsduhg wr wkh uhvsrqvh ri wkh |lhog
ohyhov1 Dv lq wkh fdvh ri prqhwdu| srolf| vkrfnv/ suhpld whqg wr pryh lq wkh rssrvlwh
gluhfwlrq ri wkh |lhogv wkhpvhoyhv1 D srvlwlyh rxwsxw jds vkrfn/ iru h{dpsoh/ jlyhv
ulvh wr d idoo ri wkh |lhog suhplxp/ rq lpsdfw/ ri xs wr 8 e d v l vs r l q w vi r uw k h6 0 | h d u
pdwxulw|1 Dw wkh vdph wlph/ wklv vkrfn jhqhudwhv dq lqfuhdvh ri wkh |lhog ohyhov/ rq
lpsdfw/ e| xs wr 8 edvlv srlqwv/ djdlq iru wkh 60|hdu pdwxulw|1
Zh frqfoxgh wkdw |lhog suhplxp g|qdplfv kdyh d qrqqhjoljleoh hhfw rq wkh
lpsxovh uhvsrqvhv ri |lhogv wr doo pdfurhfrqrplf vkrfnv1 Wkh| dpsoli| wkh uhvsrqvh
ri wkh whup vwuxfwxuh wr lq dwlrq wdujhw vkrfnv dqg prghudwh wkh uhvsrqvh wr wkh
rwkhu vkrfnv1 Dq lqwhusuhwdwlrq ri wkh |lhog uhvsrqvhv edvhg rq wkh h{shfwdwlrqv
k|srwkhvlv pd| wkhuhiruh eh vljqlfdqwo| eldvhg1
Iljxuh < vkrzv wkh hvwlpdwhg |lhog suhpld ryhu wlph1 Wzr jhqhudo ihdwxuhv
hphujh1 Iluvw/ wkh suhpld whqg wr eh ghfuhdvlqj ryhu wkh vdpsoh lq sdudooho wr wkh
idoo lq lq dwlrq1 Vhfrqg/ wkh yrodwlolw| ri wkh suhpld lv lqfuhdvlqj lq pdwxulw| xs wr
wkh 60|hdu |lhog/ exw lw lv uhodwlyho| orz iru wkh 430|hdu |lhog1
4<61417 Iruhfdvw huuru yduldqfh ghfrpsrvlwlrq
Rxu prgho dwwulexwhv wr pdfurhfrqrplf idfwruv doo |lhog fxuyh dqg pdfur0yduldeoh
pryhphqwv1 D ghfrpsrvlwlrq ri wkh iruhfdvw huuru yduldqfh fdq jlyh xv lqirupdwlrq
rq zklfk idfwruv sod| wkh prvw lpsruwdqw uroh lq wklv uhvshfw1 Wkh iruhfdvw huuru
yduldqfh ghfrpsrvlwlrq iru doo wkh yduldeohv lq rxu prgho lv suhvhqwhg lq Wdeoh 51
Wkh prvw vwulnlqj sdwwhuq ri wkh wdeoh lv wkdw/ qr grxew gxh wr wkh qhdu xqlw0
urrw ehkdylru ri wklv yduldeoh/ lq dwlrq iruhfdvw pryhphqwv h{sodlq wkh suhgrplqdqw
sduw ri wkh iruhfdvw huuru yduldqfh ri doo yduldeohv dw orqj krul}rqv +8 |hduv dqg
eh|rqg,1 Wklv uhvxow lv prvw lqwxlwlyh iru wkh iruhfdvw huuru yduldqfh ri lq dwlrq1 Lw
dovr dssolhv wr wkh rxwsxw jds/ ryhu phglxp dqg orqj whup krul}rqv/ ehfdxvh ri wkh
h{sdqvlrqdu| +frqwudfwlrqdu|, hhfwv ri lq dwlrq wdujhw lqfuhdvhv +idoov, wkurxjk wkh
vkruw0whup uhdo lqwhuhvw udwh1
Wkh suhgrplqdqw uroh ri lq dwlrq wdujhw vkrfnv lq h{sodlqlqj wkh iruhfdvw huuru
yduldqfh ri orqj whup |lhogv lv vxjjhvwlyh ri d olplwdwlrq ri wkh prgho dw wkhvh pd0
wxulwlhv1 Lq vslwh ri wkh suhvhqfh ri 7 pdfurhfrqrplf vkrfnv/ iru orqj pdwxulwlhv wkh
prgho froodsvhv gh idfwr wr d 40idfwru prgho1 Lq wkh qh{w vhfwlrq/ zh zloo vhh wkdw
wklv uhvxow fruuhvsrqgv wr d olplwhg delolw| ri rxu prgho wr iruhfdvw orqj whup |lhogv1
Wkh yduldqfh ghfrpsrvlwlrq ri pdfurhfrqrplf yduldeohv vkrzv d kxps0vkdshg
hhfw ri prqhwdu| srolf| vkrfnv rq lq dwlrq dqg wkh rxwsxw jds1 Ryhu yhu| vkruw
krul}rqv/ krzhyhu/ wkh odwwhu yduldeohv duh prvwo| dhfwhg e| lq dwlrq dqg rxwsxw
jds vkrfnv/ uhvshfwlyho|1
Diwhu wkh lq dwlrq wdujhw vkrfn/ wkh prvw lpsruwdqw h{sodqdwru| yduldeoh ri wkh
iruhfdvw huuru yduldqfh ri wkh |lhog fxuyh dw vkruw pdwxulwlhv2krul}rqv duh prqhwdu|
srolf| vkrfnv1 Wkhlu hhfw/ krzhyhu/ lv uhodwlyho| vkruw0olyhg= iru 60|hdu |lhogv/ wkh
frqwulexwlrq ri prqhwdu| srolf| vkrfnv lv qhjoljleoh douhdg| dw wkh 60|hdu krul}rq1
Lq dwlrq dqg rxwsxw jds vkrfnv dovr kdyh kxps0vkdshg hhfwv rq |lhogv/ zlwk
shdnv dw krul}rqv ehwzhhq 4 dqg 5 |hduv1 Wkh frqwulexwlrq ri rxwsxw jds vkrfnv
uhdfkhv ohyhov ri doprvw 53( dqg doprvw 43( iru 4 dqg 60|hdu |lhogv/ uhvshfwlyho|1
Wkh frqwulexwlrq ri lq dwlrq vkrfnv/ rq wkh frqwudu|/ lv qhjoljleoh dw doo krul}rqv iru
|lhogv zlwk pdwxulwlhv ri 6 |hduv dqg eh|rqg1
615 Iruhfdvwlqj
Wkh iruhfdvwlqj shuirupdqfh lv d sduwlfxoduo| lqwhuhvwlqj whvw ri rxu pdfurhfrqrplf0
edvhg whup0vwuxfwxuh prgho1 Gxh wr wkh uhodwlyho| odujh qxpehu ri sdudphwhuv wkdw
qhhgv wr eh hvwlpdwhg/ wkh prgho pd| eh ehdwhq e| pruh sduvlprqlrxv uhsuhvhqwd0
53wlrqv ri wkh gdwd1 Lq idfw/ wkh udqgrp zdon prgho kdv ehhq vkrzq wr surylgh |lhog
iruhfdvwv wkdw duh sduwlfxoduo| gl!fxow wr ehdw +Gxhh/ 5335,1 Zh wkhuhiruh suhvhqw
lq wklv vhfwlrq/ uhvxowv ri wkh iruhfdvwlqj shuirupdqfh ri rxu prgho frpsduhg wr wkh
udqgrp zdon1
Lq dgglwlrq wr wkh udqgrp zdon/ zh dovr frqvlghu iruhfdvwv edvhg rq wzr do0
whuqdwlyh prghov1 Wkh uvw lv d fdqrqlfdo Af+6, hvvhqwldoo| d!qh prgho edvhg rq
xqrevhuydeoh idfwruv<1 Surylghg wkdw ulvn suhpld duh vshflhg wr eh olqhdu ixqfwlrqv
ri wkh vwdwhv/ Gxhh +5335, qgv wklv prgho prvw vxffhvvixo lq wkh fodvv ri dgplvvleoh
d!qh wkuhh idfwru prghov lq whupv ri iruhfdvwlqj XV |lhogv1 Dsduw iurp surylglqj
d ehqfkpdun iru frpsdulvrq/ rxu uhvxowv rq wkh Af +6, prgho duh ri lqghshqghqw
lqwhuhvw/ vlqfh wkh| kljkoljkw wkh shuirupdqfh ri wklv prgho rq d glhuhqw gdwd0vhw1
Rxu vhfrqg ehqfkpdun iru frpsdulvrq/ lv wkh Dqj dqg Sld}}hvl +5336, prgho/
zklfk zh uhhvwlpdwh rq rxu gdwd0vhw431 Edvhg rq Dqj dqg Sld}}hvl*v uhvxowv/ zh xvh
wkhlu idyrulwh Pdfur prgho lq wklv h{huflvh/ l1h1 d prgho lq zklfk wkh lqwhuhvw udwh
uhvsrqgv wr fxuuhqw lq dwlrq dqg rxwsxw jds/ dv zhoo dv wr 6 xqrevhuydeoh idfwruv1
D srwhqwldoo| lpsruwdqw glhuhqfh lq rxu dssolfdwlrq ri wkhlu prgho/ krzhyhu/ lv
wkdw zh xvh lq dwlrq dqg wkh rxwsxw jds gluhfwo| lq wkh hvwlpdwlrq/ udwkhu wkdq wkh
sulqflsdo frpsrqhqwv ri uhdo dqg qrplqdo yduldeohv hpsor|hg e| Dqj dqg Sld}}hvl
+5336,1 Wklv lv dujxdeo| d pruh wkhru|0edvhg fkrlfh dqg lw idflolwdwhv wkh frpsdulvrq
wr rxu uhvxowv1
Iru doo prghov/ zh uhsruw lq0vdpsoh iruhfdvwlqj shuirupdqfhv +lq whupv ri UPVH,
edvhg rq wkh Iheuxdu| 4<:8 0 Ghfhpehu 4<<; shulrg1 Frqfhuqlqj wkh rxw0ri0vdpsoh
uhvxowv/ zh shuirup d vhulhv ri 4 wr 45 vwhs dkhdg iruhfdvwv iru doo |lhogv xvhg lq wkh
hvwlpdwlrq ryhu wkh shulrg Mdqxdu| 4<<< wr Ghfhpehu 53351 Hdfk prqwk/ zh xsgdwh
wkh lqirupdwlrq vhw/ exw zh gr qrw uhhvwlpdwh wkh prgho1 Lqvwhdg/ zh uho| rq wkh
hvwlpdwhv xs xqwlo hqg04<<;1 Zh fkrrvh wklv dssurdfk wr olplw wkh frpsxwdwlrqdo
exughq ri wkh h{huflvh1 Doo uhvxowv duh wkhuhiruh edvhg rq wkh vdph hvwlpdwhg sdud0
phwhuv1 Vlqfh wkh 7 |hduv iurp 4<<< wr 5335 duh HPX |hduv/ wklv whvw lv sduwlfxoduo|
lqwhuhvwlqj/ dv lw jlyhv vxjjhvwlrqv dv wr zkhwkhu wkh HPX kdv ru kdv qrw uhsuhvhqwhg
d vwuxfwxudo euhdn1
Wkh uhvxowv ri wkh wzr iruhfdvw hydoxdwlrq h{huflvhv duh vxppdul}hg lq Wdeohv
6 dqg 7/ iru wkh lq0vdpsoh dqg rxw0ri0vdpsoh fdvhv/ uhvshfwlyho|1 Orzhu ydoxhv ri
wkh UPVH ghqrwh ehwwhu iruhfdvwv1 Wkh ehvw iruhfdvw dw hdfk pdwxulw|2krul}rq lv
<Iru d ghqlwlrq ri wkh Af E fodvv ri d!qh prghov/ vhh Gdl dqg Vlqjohwrq +5333,1
43Zh xvh |hdu0rq0|hdu lq dwlrq udwhv lq wkh hvwlpdwlrq ri wkh Dqj0Sld}}hvl prgho/ udwkhu wkdq
prqwk0rq0prqwk udwhv/ wr pdnh rxu uhvxowv pruh frpsdudeoh wr wkrvh ri Dqj dqg Sld}}hvl +5336,1
54kljkoljkwhg lq erog1
Wkh lq0vdpsoh h{huflvh vkrzv wkdw/ zlwk wzr h{fhswlrqv/ iruhfdvwv edvhg rq
d!qh prghov ehdw wkh udqgrp zdon dw doo krul}rqv dqg pdwxulwlhv1 Wklv uhsuhvhqwv
ixuwkhu hylghqfh/ edvhg rq Jhupdq gdwd/ ri wkh jrrg shuirupdqfh ri wkh hvvhqwldoo|
d!qh fodvv prghov +zlwk ru zlwkrxw wkh lqfoxvlrq ri pdfur yduldeohv,1
Zlwklq wkh d!qh fodvv/ wkh shuirupdqfh lv pl{hg1 Rxu prgho whqgv wr gr
ehwwhu iru vkruwhu pdwxulwlhv2krul}rqv> wkh Dqj dqg Sld}}hvl +5336, prgho shuirupv
ehwwhu dw orqjhu iruhfdvwlqj krul}rqv> wkh Af +6, prgho zrunv ehvw iru wkh orqj whup
pdwxulwlhv/ uhjdugohvv ri wkh iruhfdvwlqj krul}rq1 Qr prgho dsshduv wr vwdqg rxw1
Wkh rxw0ri0vdpsoh uhvxowv eurdgo| frqup wkh lqglfdwlrqv ri wkh lq0vdpsoh rqhv/
exw zlwk dq lqwhuhvwlqj wzlvw1 Rxu prgho hphujhv dv wkh ehvw shuiruphu lq wkh ydvw
pdmrulw| ri fdvhv/ dqg vhhpv wr shuirup sduwlfxoduo| zhoo iru vkruwhu pdwxulwlhv1
Wkh Dqj dqg Sld}}hvl +5336, prgho/ rq wkh rwkhu kdqg/ zrunv ehvw iru wkh orqjhvw
pdwxulwlhv1 Wkh Af +6, prgho grhv uhdvrqdeo| zhoo iru prvw pdwxulwlhv2krul}rqv/
exw lw lv dozd|v +zlwk rqh h{fhswlrq, grplqdwhg e| rqh ri wkh pdfur0edvhg prghov1
Zh frqfoxgh wkdw wkh mrlqw prghoolqj ri pdfurhfrqrplf dqg whup0vwuxfwxuh
g|qdplfv lv srvvleoh zlwkrxw lqfxuulqj vhulrxv frvwv lq whupv ri iruhfdvwlqj shuiru0
pdqfh1 E| dqg odujh/ wkh rxw0ri0vdpsoh uhvxowv iurp rxu prgho duh dovr vxjjhvwlyh
ri wkh devhqfh ri d vwuxfwxudo euhdn lq wkh gdwd diwhu HPX1
616 H{shfwdwlrqv k|srwkhvlv whvwv
Dffruglqj wr wkh h{shfwdwlrqv k|srwkhvlv/ wkh |lhog rq dq q0shulrg }hur0frxsrq erqg
vkrxog lqfuhdvh zkhq wkh vsuhdg ehwzhhq wkh vdph |lhog dqg wkh vkruw whup udwh +wkh
vorsh ri wkh |lhog fxuyh, zlghqv1 D qxpehu ri hpslulfdo whvwv ri wklv lpsolfdwlrq
ri wkh wkhru| kdyh/ krzhyhu/ irxqg d qhjdwlyh uhodwlrqvkls1 Wklv sdwwhuq/ zklfk
uhsuhvhqwv dq h{shfwdwlrqv sx}}oh/ dsshduv wr eh sduwlfxoduo| fohdu iru Xqlwhg Vwdwhv
gdwd/ zkhuh wkh uhohydqw uhjuhvvlrq frh!flhqw fdq eh dv elj dv 8 iru 430|hdu erqgv/
dffruglqj wr h1j1 Fdpsehoo dqg Vkloohu +4<<4,/ zkloh wkh h{shfwdwlrqv k|srwkhvlv
suhglfwv d ydoxh ri rqh iru doo pdwxulwlhv1 Dq lqwhusuhwdwlrq ri wkhvh uhvxowv lv wkdw
|lhogv lqfrusrudwh wlph ydu|lqj ulvn suhpld ri vljqlfdqw pdjqlwxghv/ udwkhu wkdq
mxvw d frqvwdqw rqh dv shuplwwhg e| wkh h{shfwdwlrqv k|srwkhvlv1
Surpswhg e| wklv frqvlghudwlrq/ Gdl dqg Vlqjohwrq +5335d, lqyhvwljdwh zkhwkhu
wkh suhglfwlrqv ri g|qdplf d!qh whup vwuxfwxuh prghov duh frqvlvwhqw zlwk wkh
revhuyhg h{shfwdwlrqv sx}}oh1 Gdl dqg Vlqjohwrq +5335d, vkrz wkdw wzr whvwv ri d
g|qdplf whup vwuxfwxuh prgho duh sduwlfxoduo| lqirupdwlyh lq wklv uhvshfw1 Wkh uvw/
55ghqhg dv OS\+l,/ lv d whvw ri wkh fdsdflw| ri wkh prgho wr uhsolfdwh wkh klvwrulfdo
ehkdylru ri |lhogv1 Wr eh vxffhvvixo/ wkh prgho vkrxog eh fdsdeoh ri jhqhudwlqj wkh
qhjdwlyh lqwhufhsw frh!flhqw ri Fdpsehoo dqg Vkloohu0w|sh uhjuhvvlrqv1 Wkh vhfrqg/
ghqhg dv OS\+ll,/ lv d whvw ri wkh uhdolvp ri wkh vshflfdwlrq ri prgho ulvn suhpld1
Wkh g|qdplfv ri ulvn suhpld lq d uhdolvwlf prgho vkrxog eh vxfk wkdw d Fdpsehoo
dqg Vkloohu0w|sh uhjuhvvlrq edvhg rq ulvn suhplxp dgmxvwhg |lhogv zrxog uhfryhu wkh
frh!flhqw ri xqlw| frqvlvwhqw zlwk wkh h{shfwdwlrqv k|srwkhvlv1
Gdl dqg Vlqjohwrq +5335d, vkrz wkdw dq d!qh 60idfwru prgho zlwk Jdxvvldq
lqqrydwlrqv dqg lqfoxglqj d ulvn0suhplxp vshflfdwlrq ri wkh w|sh vxjjhvwhg e|
Gxhh +5335, vfruhv h{wuhpho| zhoo lq whupv ri erwk OS\+l, dqg OS\+ll,1 Vlqfh
rxu prgho dovr kdv Jdxvvldq lqqrydwlrqv dqg d vshflfdwlrq ri wkh ulvn suhplxp dv
lq Gxhh +5335,/ lq wklv vhfwlrq zh dovr hydoxdwh lwv fdsdflw| wr sdvv wkh wzr OS\
whvwv1
Vlqfh wkh hylghqfh rq Fdpsehoo dqg Vkloohu0w|sh uhjuhvvlrqv edvhg rq Hxurshdq
gdwd lv ohvv frpshoolqj wkdq iru wkh XV +h1j1 Kdugrxyholv/ 4<<7/ Jhuodfk dqg Vphwv/
4<<:/ Ehndhuw dqg Krgulfn/ 5334,/ zh vwduw e| uhsolfdwlqj Fdpsehoo dqg Vkloohu*v
dqdo|vlv rq rxu gdwd1 Wkh uhvxowv ri wkh uhjuhvvlrq ri wkh |lhog fkdqjhv yn3￿
tn￿  yn
t
rq d frqvwdqw dqg wkh |lhog vsuhdg +yn
t  rt,=+n  4, duh vkrzq lq Iljxuhv 43 dqg
44 xqghu wkh odeho Vdpsoh1 Frqvlvwhqwo| zlwk wkh sx}}oh/ wkh hvwlpdwhg lqwhufhsw
frh!flhqw lv dozd|v qhjdwlyh dqg kljkhvw dw wkh orqjhvw pdwxulwlhv lqfoxghg lq wkh
uhjuhvvlrq1 Zh frqup/ krzhyhu/ wkdw wkh sx}}oh lv ohvv vhyhuh iru Jhupdq |lhog
gdwd= wkh hvwlpdwhg frh!flhqw kryhuv durxqg 4/ frpsduhg wr d ydoxh ri ohvv wkdq
7 uhsruwhg e| Gdl dqg Vlqjohwrq +5335d, iru 430|hdu |lhogv1
Lq jxuh 43 zh vkrz wkh uhvxowv ri wkh OS\ +l, whvw1 Iroorzlqj Gdl dqg Vlqjohwrq
+5335d,/ zh h{dplqh erwk wkh prgho0lpsolhg/ wkhruhwlfdo srsxodwlrq frh!flhqwv dqg
wkhlu vpdoo vdpsoh frxqwhusduwv1 Vrph fruuhfwlrq iru vpdoo vdpsoh eldv lv ghvludeoh
ehfdxvh ri wkh shuvlvwhqw qdwxuh ri |lhogv1 Zh wkhuhiruh jhqhudwh 4333 vdpsohv ri
wkh vdph ohqjwk ri rxu gdwd +5;:, dqg uhsruw lq wkh jxuh wkh phdq hvwlpdwh ri
wkh lqwhufhsw frh!flhqwv +odehoohg Prgho0lpsolhg PF lq Iljxuh 43,/ wrjhwkhu zlwk
<8( frqghqfh edqgv ri lwv vpdoo0vdpsoh glvwulexwlrq1
Rxu prgho dsshduv wr gr uhodwlyho| zhoo iru pdwxulwlhv xs wr 6 |hduv/ exw wkhq
lqfuhdvlqjo| zruvh dv wkh pdwxulw| ohqjwkhqv1 Lq sduwlfxodu/ wkh prgho rqo| fdswxuhv
wr d olplwhg h{whqw wkh fkdudfwhulvwlf grzqzdug vorslqj sdwwhuq ri wkh surmhfwlrq
frh!flhqw vhhq lq wkh gdwd1 Wklv uhvxow dsshduv wr uh hfw wkh uhodwlyho| zruvh shu0
irupdqfh ri wkh prgho ryhu orqjhu whup pdwxulwlhv/ frqvlvwhqw zlwk wkh uhvxowv ri wkh
56iruhfdvwlqj h{huflvhv lq wkh suhylrxv vhfwlrq1 Wkh frh!flhqwv edvhg rq wkh Prqwh
Fduor vlpxodwlrqv dsshdu wr frqup wkh h{lvwhqfh ri d vpdoo vdpsoh eldv dqg dovr
eulqj wkh prgho forvhu wr wkh gdwd1 Krzhyhu/ wkh <8( frqghqfh edqg edvhg rq
wkhvh vlpxodwlrqv zrxog vwloo idlo wr lqfoxgh wkh vdpsoh frh!flhqwv iru pdwxulwlhv
eh|rqg 7 |hduv1
Iljxuh 44 vkrzv wkh uhvxowv ri wkh OS\+ll, whvwv1 Lq wklv fdvh/ wkh prgho kdv yhu|
olplwhg vxffhvv lq uhsurgxflqj wkh xqlw frh!flhqw uhtxluhg e| wkh wkhru|1 Dowkrxjk
wkh ulvn0suhplxp fruuhfwlrq jhqhudoo| jrhv lq wkh uljkw gluhfwlrq/ wkh ehvw wkh prgho
fdq gr lv wr jhqhudwh d frh!flhqw ri 3:8 iru 6 wr 7 |hdu pdwxulwlhv1 Iru orqjhu
pdwxulwlhv wkh prgho idlov wr fdswxuh wkh shuvlvwhqfh ri wkh pdunhw ulvn suhpld1
Wr vxppdul}h/ rxu prgho grhv ohvv zhoo wkdq wkh hvvhqwldoo| d!qh Af +6, fodvv
lq whvwv ri wkh h{shfwdwlrqv k|srwkhvlv1 Wkh uhvxowv ri OS\+l, duh uhodwlyho| jrrg/ lq
wkdw wkh prgho fdq uhsolfdwh wkh hvwlpdwhg frh!flhqw ri Fdpsehoo dqg Vkloohu0w|sh
uhjuhvvlrqv dw vkruwhu pdwxulwlhv1 Wkh whvw ri OS\ +ll,/ krzhyhu/ dsshdu wr vxjjhvw
wkdw wkh uhvwulfwlrqv lpsolhg e| wkh pdfurhfrqrplf prgho/ frxsohg zlwk wkh Gxhh
+5335, vshflfdwlrq ri ulvn suhpld/ duh vrphzkdw wrr vwurqj wr eh vxssruwhg e| wkh
gdwd1 Wkh fxuuhqw prgho suredeo| ihdwxuhv wrr orz shuvlvwhqfh lq wkh pdfurhfr0
qrplf idfwruv eh|rqg wkh lq dwlrq wdujhw/ zklfk uhgxfhv wkh srwhqwldo wr h{sodlq
wkh g|qdplfv ri orqj whup erqg |lhogv/ dqg lq sduwlfxodu ri suhpld lqfrusrudwhg lq
wkhvh |lhogv1
7 Frqfoxvlrqv
Wklv sdshu suhvhqwv dqg hvwlpdwhv d mrlqw prgho ri rxwsxw/ lq dwlrq dqg whup vwuxf0
wxuh g|qdplfv1 Wkh prgho h{whqgv wkh whup0vwuxfwxuh olwhudwxuh/ vlqfh lw ghulyhv
erqg sulfhv xvlqj qr0duelwudjh frqglwlrqv dqg edvhg rq dq h{solflw vwuxfwxudo pdfur0
hfrqrplf prgho wkdw lqfoxghv erwk iruzdug0orrnlqj dqg edfnzdug0orrnlqj hohphqwv1
Dw wkh vdph wlph/ zh h{whqgv wkh pdfurhfrqrplf olwhudwxuh e| vwxg|lqj wkh whup
vwuxfwxuh lpsolfdwlrqv ri d vwdqgdug pdfur prgho zlwklq d g|qdplf qr0duelwudjh
iudphzrun1
Rxu uhvxowv vkrz wkdw wkhuh duh v|qhujlhv wr eh h{sorlwhg iurp fxuuhqw dgydqfhv
lq pdfurhfrqrplf dqg whup0vwuxfwxuh prghoolqj1 Wkh wzr dssurdfkhv fdq eh vhhq
dv frpsohphqwdu| dqg/ zkhq xvhg mrlqwo|/ jlyh ulvh wr vhqvleoh uhvxowv1 Qrwdeo|/ zh
vkrz wkdw rxu hvwlpdwhv ri pdfurhfrqrplf sdudphwhuv/ wkdw duh sduwo| ghwhuplqhg
e| wkh whup0vwuxfwxuh gdwd/ duh uhdvrqdeoh dqg lqwxlwlyho| dsshdolqj1 Dw wkh vdph
57wlph/ rxu prgho*v h{sodqdwru| srzhu iru wkh whup0vwuxfwxuh lv frpsdudeoh wr wkdw ri
whup0vwuxfwxuh prghov edvhg rqo| rq xqrevhuydeoh yduldeohv1 Rxu prgho dovr grhv
uhdvrqdeo| zhoo lq iruhfdvwlqj1
Ixwxuh zrun zloo dgguhvv wkh ghhshu lqwhudfwlrqv ehwzhhq pdfurhfrqrplfv dqg
wkh whup vwuxfwxuh e| doorzlqj wkh rxwsxw jds htxdwlrq wr uhvsrqg gluhfwo| wr wkh
|lhogv/ udwkhu wkdq rqo| wr wkh vkruw whup udwh1 Wklv h{whqvlrq zloo krshixoo| lpsuryh
ixuwkhu wkh xqghuvwdqglqj ri wkh mrlqw g|qdplfv ri pdfur yduldeohv dqg erqg sulfhv1
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Wkhq wkh v|vwhp fdq eh zulwwhq dv
[tn￿ @ D[t . Ert . tn￿
dqg wkh srolf| uxoh dv
rt @ I[t
Zh xvh Sdxo Vùghuolqg*v urxwlqh wr vroyh
[tn￿ @+ DEI,[t . tn￿
zlwk vroxwlrq
[￿;tn￿ @ P[￿;t . ￿;tn￿
[2;tn￿ @ F[￿;tn￿
D15 Olnholkrrg ixqfwlrq
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zkhuh wkh vhfrqg htxdolw| frph iurp wkh surshuwlhv ri wkh ghwhuplqdqw dqg wkh
wklug htxdolw| iurp wkh lqghshqghqfh dvvxpswlrq ehwzhhq vwuxfwxudo vkrfnv dqg


































































ru/ pruh vlplodu wr wkh vwuxfwxuh ri rxu surjudpph/






































zkhuh nm lv wkh qxpehu ri phdvxuhphqw huuruv dqg n￿ lv ghqhg dv lq Vùghuolqg1
Qrwh wkdw/ lq rughu wr dfwxdoo| fdofxodwh wkh xqrevhuydeoh idfwruv dqg phdvxuh0

















































/ dqg yduldeohv phdvxuhg
zlwk huuru/ l1h1 ^\m




























































zklfk/ irujhwwlqj derxw [o
































Wkhvh wzr v|vwhpv fdq eh vroyhg iru [u
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Ohw en;t ghqrwh wkh rqh0shulrg kroglqj suhplxp rq dq n0shulrg erqg sxufkdvhg dw t;





























en;t @  An3￿ .  B￿
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Ohw ¨n;t ghqrwh wkh rqh0shulrg iruzdug suhplxp dw t iru pdwxulw| n; ghqhg dv wkh
glhuhqfh ehwzhhq wkh lpsolhg rqh0shulrg iruzdug udwh n shulrgv dkhdg/ fn;t/o h v v
wkh fruuhvsrqglqj h{shfwhg rqh0shulrg lqwhuhvw udwh=
¨n;t @ fn;t  Et ^rtnn`:
Wkh lpsolhg iruzdug udwh/ h{suhvvhg lq rqh0shulrg whupv/ lv jlyhq e|
fn;t @o q + p n
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  B￿
n   B￿
n +P  	￿,. ￿
[ ￿ ;t;
66zkloh wkh h{shfwhg vkruw udwh lv









Wkh rqh0shulrg iruzdug suhplxp lv wkhuhiruh
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Wkh iruzdug suhplxp lv h{suhvvhg lq rqh0shulrg whupv1
D1616 \lhog ulvn suhpld
Ohw !n;t ghqrwh wkh n0pdwxulw| |lhog suhplxp dw t; ghqhg dv wkh vxp ri wkh iruzdug
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Wkh n0pdwxulw| |lhog suhplxp fdq eh h{suhvvhg lq rqh0shulrg whupv e| glylglqj
!n;t zlwk n:
67Wdeoh 4= Sdudphwhu hvwlpdwhv
+Vdpsoh shulrg= Ihe 4<:80Ghf 4<<;,
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Wkh vwdqgdug huuruv duh edvhg rq wkh dv0
|pswrwlf yduldqfh0fryduldqfh pdwul{ ri Zklwh
+4<;5,1 Wkh hvwlpdwhv ri wkh odj frh!flhqwv
iru lq dwlrq dqg rxwsxw duh qrw uhsruwhg1
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45 5<::: 77:;< 6:;3 54:88
69 <6:88 3:98 3:33 8::<
93 <<:;3 3:35 3:33 3:4;
60prqwk udwh 40|hdu |lhog
Yduldqfh gxh wr +lq (,
Vwhsv ¡W ¡x
44 : 34 <::58 4:36 3::3
94 4 : 45 :4::3 9:<4 43:5:
45 6::<4 6;:4; 5:66 54:8;
69 <7:;6 3:79 3:33 7::4
93 <<:;8 3:34 3:33 3:47
Yduldqfh gxh wr +lq (,
¡W ¡x
4<:57 :9:53 4:47 6:75
6;:93 75:7: 6:4< 48::6
96::5 4;:68 3:65 4::94
<::9< 3:44 3:33 5:53
<<:<7 3:34 3:33 3:38
60|hdu |lhog 430|hdu |lhog
Yduldqfh gxh wr +lq (,
Vwhsv ¡W ¡ x
4; 4 : 48 49:46 3:38 5:9:
9: < : ;7 43:59 3:66 <:8:
45 ;<:77 6:8< 3:36 9:<7
69 <<:83 3:33 3:33 3:83
93 <<:<< 3:33 3:33 3:34
Yduldqfh gxh wr +lq (,
¡W ¡x
<<::< 3:53 3:35 3:33
<9::: 4:73 3:38 4::<
<;:66 3:79 3:33 4:53
<<:<6 3:33 3:33 3:3:
433:33 : 33 3:33 3:33
69Wdeoh 6= Lq0vdpsoh |lhog iruhfdvw shuirupdqfh= UPVHv
4 prqwk iruhfdvw krul}rq
pdwxulw| UZ Af +6, DS Vwuxfw1
4 prqwk 317;7 31795 317:6 31797
6 prqwkv 31783 31785 3177< 3177<
4 |hdu 316<6 316<3 316;; 3175:
6 |hduv 31644 316:6 31699 31649
43 |hduv 31598 31594 31596 3173:
6 prqwk iruhfdvw krul}rq
pdwxulw| UZ Af +6, DS Vwuxfw1
4 prqwk 31:6< 319;9 319<7 3198<
6 prqwkv 31:68 31:44 319<< 319:7
4 |hdu 31:55 31:46 31:33 319<5
6 |hduv 3196; 31983 31983 3196<
43 |hduv 317;3 3179: 317:4 31883
9 prqwk iruhfdvw krul}rq
pdwxulw| UZ Af +6, DS Vwuxfw1
4 prqwk 41467 4136< 4133< 31<:9
6 prqwkv 41484 413;8 4136; 4134<
4 |hdu 41447 413:; 4137< 4137<
6 |hduv 31<8: 31<7< 31<8; 31<9<
43 |hduv 319<; 3198< 319:6 31:37
< prqwk iruhfdvw krul}rq
pdwxulw| UZ Af +6, DS Vwuxfw1
4 prqwk 417;: 41683 4156; 41587
6 prqwkv 4183; 41736 415;8 41646
4 |hdu 4177: 416:9 41653 4167<
6 |hduv 41535 414:5 414;9 41549
43 |hduv 31;98 31:<9 31;54 31;74
45 prqwk iruhfdvw krul}rq
pdwxulw| UZ Af +6, DS Vwuxfw1
4 prqwk 41;38 41933 416<: 41837
6 prqwkv 41;46 41987 41793 4189:
4 |hdu 41:67 41955 4186: 4194<
6 |hduv 41775 416:3 416<4 41798
43 |hduv 41375 31<6< 31<:6 41347
Wkh wdeoh vkrzv urrw phdq vtxduh huuruv +UPVHv, iru lq0vdpsoh iruhfdvwv ehwzhhq 4<:8=34 dqg 4<<:=451
UZ ghqrwhv udqgrp zdon iruhfdvwv/ Af E lv d fdqrqlfdo hvvhqwldoo| d!qh Jdxvvldq wkuhh0idfwru prgho/
DS ghqrwhv wkh Dqj0Sld}}hvl +5336, Pdfur Prgho +hvwlpdwhg xvlqj rxu pdfur gdwd/ exw zlwk lq dwlrq
h{suhvvhg lq |0r0| whupv,/ dqg %Vwuxfw1% ghqrwhv rxu vwuxfwxudo pdfur prgho1
6:Wdeoh 7= Rxw0ri0vdpsoh |lhog iruhfdvw shuirupdqfh= UPVHv
4 prqwk iruhfdvw krul}rq
pdwxulw| UZ Af +6, DS Vwuxfw1
4 prqwk 3153; 31548 315<; 314<3
6 prqwkv 314<; 3153; 315<7 3154:
4 |hdu 31545 31543 31549 315;<
6 |hduv 31557 31583 31589 31555
43 |hduv 314<7 314<6 314;< 31873
6 prqwk iruhfdvw krul}rq
pdwxulw| UZ Af +6, DS Vwuxfw1
4 prqwk 31773 31784 319<7 31686
6 prqwkv 3177: 31766 3197; 316:6
4 |hdu 317;3 317:3 317:9 3178;
6 |hduv 317:6 3179; 3177< 31765
43 |hduv 3167< 31673 3164< 31895
9 prqwk iruhfdvw krul}rq
pdwxulw| UZ Af +6, DS Vwuxfw1
4 prqwk 31:87 31:64 4155< 31898
6 prqwkv 31:78 31:48 41435 318;;
4 |hdu 31::9 31:6< 31:65 319:5
6 |hduv 31:53 3198< 318<6 31976
43 |hduv 31866 317<9 31789 3194<
< prqwk iruhfdvw krul}rq
pdwxulw| UZ Af +6, DS Vwuxfw1
4 prqwk 41348 31<87 4196: 31:4;
6 prqwkv 31<;7 31<64 41779 31:63
4 |hdu 31<;4 31<67 31<48 31;34
6 |hduv 31;97 31:;9 319;< 31:97
43 |hduv 3194: 31936 31878 319;<
45 prqwk iruhfdvw krul}rq
pdwxulw| UZ Af +6, DS Vwuxfw1
4 prqwk 4155; 414:: 41<:9 31;:3
6 prqwkv 41533 414:7 41:98 31;<4
4 |hdu 414<7 41493 4146: 31<:8
6 |hduv 41346 31<98 31;7< 31<45
43 |hduv 31995 31:46 31965 31:83
UPVHv iru rxw0ri0vdpsoh iruhfdvwv ehwzhhq 4<<<=34 dqg 5335=45/ edvhg rq sdudphwhu hvwlpdwhv iru
4<:8=35 0 4<<;=451 UZ duh udqgrp zdon iruhfdvwv/ Af E lv d fdqrqlfdo hvvhqwldoo| d!qh Jdxvvldq
wkuhh0idfwru prgho/ DS ghqrwhv wkh Dqj0Sld}}hvl +5336, Pdfur Prgho +hvwlpdwhg xvlqj rxu pdfur
gdwd/ exw zlwk lq dwlrq h{suhvvhg lq |0r0| whupv,/ dqg %Vwuxfw1% ghqrwhv rxu vwuxfwxudo pdfur prgho1
6;Iljxuh 4= Gdwd xvhg lq wkh hvwlpdwlrqv
+d, Pdfur gdwd
Wkh lq dwlrq vhulhv kdv ehhq pxowlsolhg e| 4533 dqg wkh rxwsxw
jds vhulhv e| 4331 Wkh vdpsoh shulrg lv Mdqxdu| 4<:8 wr Ghfhpehu
4<<;1
+e, \lhog gdwd
Jhupdq whup vwuxfwxuh gdwd ryhu wkh vdpsoh shulrg Mdqxdu| 4<:8
wr Ghfhpehu 4<<; +shufhqw shu |hdu,1
6<Iljxuh 5= Hvwlpdwhg lq dwlrq wdujhw dqg dfwxdo lq dwlrq +|hdu0rq0|hdu,
Wkh hvwlpdwhg lq dwlrq wdujhw kdv ehhq vfdohg xs e| 4533/ dqg
wkh |hdu0rq0|hdu lq dwlrq vhulhv e| 4331
73Iljxuh 6= Lpsxovh uhvsrqvhv iurp lq dwlrq wdujhw vkrfn
+d, Uhvsrqvh ri pdfur yduldeohv
Doo uhvsrqvhv duh h{suhvvhg lq shufhqwdjh whupv1 Wkh lq dwlrq dqg
vkruw udwh uhvsrqvhv kdyh ehhq vfdohg xs e| 45 wr eh h{suhvvhg lq
dqqxdo whupv1 Wkh lq dwlrq wdujhw zdv vkrfnhg e| rqh vwdqgdug
ghyldwlrq +durxqg 315( s1d1,1
+e, Uhvsrqvh ri |lhogv
Doo uhvsrqvhv duh h{suhvvhg lq dqqxdo shufhqwdjh whupv1 Wkh lq d0
wlrq wdujhw zdv vkrfnhg e| rqh vwdqgdug ghyldwlrq +durxqg 315(
s1d1,1
74Iljxuh 7= Lpsxovh uhvsrqvhv iurp prqhwdu| srolf| vkrfn
+d, Uhvsrqvh ri pdfur yduldeohv
Doo uhvsrqvhv duh h{suhvvhg lq shufhqwdjh whupv1 Wkh lq dwlrq dqg
vkruw udwh uhvsrqvhv kdyh ehhq vfdohg xs e| 45 wr eh h{suhvvhg lq
dqqxdo whupv1 Wkh vkruw0whup lqwhuhvw udwh zdv vkrfnhg e| rqh
vwdqgdug ghyldwlrq +durxqg 3179( s1d1,1
+e, Uhvsrqvh ri |lhogv
Doo uhvsrqvhv duh h{suhvvhg lq dqqxdo shufhqwdjh whupv1 Wkh
vkruw0whup lqwhuhvw udwh zdv vkrfnhg e| rqh vwdqgdug ghyldwlrq
+durxqg 3179( s1d1,1
75Iljxuh 8= Lpsxovh uhvsrqvhv iurp lq dwlrq vkrfn
+d, Uhvsrqvh ri pdfur yduldeohv
Doo uhvsrqvhv duh h{suhvvhg lq shufhqwdjh whupv1 Wkh lq dwlrq
uhvsrqvh lq wkh jxuh fruuhvsrqgv wr |hdu0rq0|hdu lq dwlrq/ zkloh
wkh vkruw udwh kdv ehhq vfdohg xs e| 451 Lq dwlrq zdv vkrfnhg e|
rqh vwdqgdug ghyldwlrq +durxqg 3147( s1d1,1
+e, Uhvsrqvh ri |lhogv
Doo uhvsrqvhv duh h{suhvvhg lq dqqxdo shufhqwdjh whupv1 Lq dwlrq
zdv vkrfnhg e| rqh vwdqgdug ghyldwlrq +durxqg 3147( s1d1,1
76Iljxuh 9= Lpsxovh uhvsrqvhv iurp rxwsxw vkrfn
+d, Uhvsrqvh ri pdfur yduldeohv
Doo uhvsrqvhv duh h{suhvvhg lq shufhqwdjh whupv1 Wkh lq dwlrq dqg
vkruw udwh uhvsrqvhv kdyh ehhq vfdohg xs e| 45 wr eh h{suhvvhg
lq dqqxdo whupv1 Wkh rxwsxw jds zdv vkrfnhg e| rqh vwdqgdug
ghyldwlrq +durxqg 416(,1
+e, Uhvsrqvh ri |lhogv
Doo uhvsrqvhv duh h{suhvvhg lq dqqxdo shufhqwdjh whupv1 Wkh rxw0
sxw jds zdv vkrfnhg e| rqh vwdqgdug ghyldwlrq +durxqg 416(,1
77Iljxuh := Idfwru ordglqjv
Wkh idfwru ordglqjv lq wkh jxuh fruuhvsrqg wr wkh Bn sdudphwhuv
ri wkh irxu qrq0odjjhg pdfur idfwruv1 Wkh| kdyh ehhq uhvfdohg
wr fruuhvsrqg wr rqh vwdqgdug ghyldwlrq ri wkh uhvshfwlyh idfwruv/
h{suhvvhg lq dqqxdo shufhqwdjh whupv1
Iljxuh ;= Lqlwldo uhvsrqvh ri |lhog suhpld wr pdfur vkrfnv
Wkh jxuh vkrzv wkh rqh0prqwk dkhdg uhvsrqvh ri wkh |lhog suh0
pld !n/ dw pdwxulwlhv n xs wr 453 prqwkv/ wr rqh vwdqgdug ghyl0
dwlrq vkrfnv wr wkh irxu pdfur idfwruv1 Wkh suhpld duh h{suhvvhg
lq dqqxdo shufhqwdjh whupv1
78Iljxuh <= Hvwlpdwhg |lhog suhpld
Wkh jxuh vkrzv wkh hvwlpdwhg |lhog suhplxp !n gxulqj wkh vdp0
soh shulrg/ iru pdwxulwlhv n @ 6/ 45/ 69/ dqg 453 prqwkv1 Wkh
suhpld duh h{suhvvhg lq dqqxdo shufhqwdjh whupv1
Iljxuh 43= Prgho0lpsolhg FV surmhfwlrq frh!flhqwv= OS\ +l,




t @ ¦n +yn
t  rt,=+n  4,/ soxv fruuhvsrqglqj prgho0lpsolhg fri0
flhqw ydoxhv1 Wkh %srsxodwlrq% frh!flhqwv duh wkh wkhruhwlfdo
ydoxhv edvhg rq rxu hvwlpdwhv> wkh PF frh!flhqwv duh wkh phdq
hvwlpdwhv iurp 4333 vhulhv ri wkh vdph vl}h dv wkh vdpsoh/ vlpx0
odwhg iurp rxu prgho1 Wkh edqgv durxqg wkh PF phdq hvwlpdwhv
duh 8( frqghqfh edqgv1
79Iljxuh 44= Prgho0lpsolhg ulvn0suhplxp dgmxvwhg FV frh!flhqwv= OS\+ll,
Wkh jxuh vkrzv wkh hvwlpdwhv ri wkh Fdpsehoo dqg Vkloohu




t  rt,=+n  4, iru rxu vdpsoh/ dorqj zlwk wkh fruuhvsrqg0
lqj ulvn0suhplxp dgmxvwhg prgho0lpsolhg fr!flhqw ydoxhv edvhg
rq rxu sdudphwhu hvwlpdwhv1
7: